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(5) Introduction 

The p53 protein contains several functional domains necessary for inducing cell cycle 
arrest and apoptosis, that is, activation domain 1, within residues 1-42 (1-3), the proline-rich 
domain, within residues 64-91 (4), and the C-terminal basic domain, within residues 364-393 (5). 
Recently, we and others have shown that p53(ADl") contains an intact activation domain 2, 
within residues 43-63 (6-8), and therefore, p53(ADl") is still competent in transactivation (7). 
Furthermore, when both activation domain 1 and activation domain 2 are mutated (a quadruple 
point mutation at residues 22-23 and 53-54; AD1"AD2"), the resulting protein is inert in 
transactivation and in inducing cell cycle arrest and apoptosis (6-8). The proline-rich domain has 
been shown to be required for efficient growth suppression (4). We and others have shown that 
the proline-rich domain is necessary for apoptosis but not cell cycle arrest (9-11). In addition, 
the proline-rich domain plays an important role in the induction of several endogenous target 
genes, but is not required for activation of the exogenously introduced promoters of these target 
genes (10). These results suggest that the proline-rich domain may participate in the induction of 
cellular target gene(s) responsible for mediating apoptosis. The C-terminal basic domain has 
been subjected to extensive analysis and all evidence suggests that the basic domain is a negative 
regulatory domain. However, several groups have shown that p53(ABD), which lacks the C- 
terminal basic domain, has a reduced ability to induce several cellular target genes and becomes 
incapable of inducing apoptosis (12-14). These results suggest that the C-terminal basic domain 
can regulate p53 activity both positively and negatively. 

(6) Body 

To further determine the role of each p53 functional domain in inducing cell cycle arrest 
and apoptosis, we generated a number of HI 299 and MCF7 cell lines that inducibly express p53 
that lacks one or more of the domains. We found that an activation domain 2 mutation at 
residues 53-54 (AD2") abrogates the apoptotic activity but has no significant effect on cell cycle 
arrest. We also found that p53(AAD2), which lacks activation domain 2, are inert in inducing 
apoptosis. p53(AD2"ABD), which is defective in activation domain 2 and lacks the C-terminal 
basic domain, p53(AAD2ABD), which lacks both activation domain 2 and the C-terminal basic 
domain, and p53(APRDABD), which lacks both the proline-rich domain and the C-terminal basic 
domain, are also inert in inducing apoptosis. All four mutants are still active in inducing cell 
cycle arrest, albeit to a lesser extent than wild-type p53. Interestingly, we found that deletion of 
the N-terminal activation domain 1 alleviates the requirement of the C-terminal basic domain for 
apoptotic activity. Thus, we have generated a small but potent p53(AADlABD) molecule. 
Furthermore, we found that at least two of the three domains, that is, activation domain 1, 
activation domain 2 and the proline-rich domain, are required for inducing cell cycle arrest. 
Taken together, our results suggest that activation domain 2 and the proline-rich domain form an 
activation domain for inducing pro-apoptotic genes or inhibiting anti-apoptotic genes. The C- 
terminal basic domain is required for maintaining this activation domain competent for 
transactivation or transrepression. For detail, please see the attached manuscript, appendix #4. 

As an extension of Tasks 8-10, we have identified two p53 target genes that may mediate 
p53 tumor suppression. Dickkopf-1 (Dkk-1), a secreted glycoprotein, has been found to be 



necessary and sufficient for inducing amphibian head formation. Interestingly, the mechanism 
by which Dkk-1 does this is the ability of Dkk-1 to antagonize the Wnt signaling pathway. Wnt, 
itself a proto-oncoprotein, can promote cell proliferation and transformation when mutated or 
overexpressed, leading to tumor formation. p53 is a tumor suppressor and loss of p53 function 
accelerates mammary tumorigenesis by Wnt. Here we found that Dkk-1 is induced by wild-type 
p53 but not mutant p53(R249S). In addition, DNA damage upregulates Dkk-1 in cell lines that 
harbor an endogenous wild-type p53 gene but not in cell lines that are p53-null or harbor an 
endogenous mutant p53 gene. We also found a potential p53 response element located 
approximately 2,100 nucleotides upstream of the Dkk-1 transcription start site and we show that 
p53 binds specifically to this element both in vitro and in vivo. Furthermore, we have established 
several cell lines derived from HI299 lung carcinoma and Ul 18 glioma cells that inducibly 
express Dkk-1 under a tetracycline-regulated promoter. We found that Dkk-1 has no effect on 
proliferation of cells that are not transformed by Wnt. Taken together, these results suggest that 
Dkk-1 may mediate p53 tumor suppression by antagonizing the Wnt signaling pathway. For 
detail, please see the attached manuscript, appendix #3. 

The transporter associated with antigen processing (TAP) 1 is required for the major 
histocompatibility complex (MHC) class I antigen presentation pathway, which plays a key role 
in host tumor surveillance. Since more than 50% of tumors have a dysfunctional p53, evasion of 
tumor surveillance by tumor cells may be linked to loss of p53 function. Here we found that 
TAP1 is strongly induced by p53 and DNA-damaging agents through a p53 response element. 
We also found that p73, which is homologous to p53, is capable of inducing TAP1 and 
cooperates with p53 to activate TAP1. Furthermore, we found that by inducing TAP1, p53 
enhances the transport of MHC class I peptides and expression of surface MHC-peptide 
complexes, and cooperates with interferon y to activate the MHC class I pathway. These results 
suggest that tumor surveillance may be a mechanism by which p53 and/or p73 function as tumor 
suppressors. For detail, please see the attached manuscript, appendix #2. 

Work accomplished in relation to the Statement of Work 

Tasks 1-2: A number of MCF7 breast carcinoma cell lines that inducibly express p53 or p73 
using a tetracycline-regulated promoter have been generated and analyzed (1998 and 1999 
annual report). During the third year of this grant, we have generated a number of MCF7 and 
HI299 cell lines that express various mutated forms of p53 (2000 annual report). 

Tasks 3: DNA damage enhances p73-dependent apoptosis in MCF7 but not in MCF7E6 cells 
(1999 annual report). We will determine how DNA damage affects p53-dependent apoptosis in 
MCF7 cells. 

Tasks 4-5: We found that transient overexpression of cyclin Dl in MCF7 cells can enhance 
DNA damage-induced p53-dependent apoptosis. We also found that transient coexpression of 
p53 and cyclin Dl in MCF7 cells can induce a strong apoptotic response. Since similar results 
have been published by other group (15), we will spend more effort on tasks 8-10. 

Task 6: A number of short deletion and point mutations of p53 have been generated and 
analyzed (1998,1999, and 2000 annual report). 



Task 7: We identified a novel apoptotic domain and activation domain II in p53 (1998 annual 
report). We showed that the proline-rich domain is necessary for apoptosis (1999 annual report). 
During the third year of this grant, we have generated a small but potent p53(AADlABD) 
molecule. Furthermore, we found that at least two of the three domains, that is, activation 
domain 1, activation domain 2 and the proline-rich domain, are required for inducing cell cycle 
arrest. Our results suggest that activation domain 2 and the proline-rich domain form an 
activation domain for inducing pro-apoptotic genes or inhibiting anti-apoptotic genes. The C- 
terminal basic domain is required for maintaining this activation domain competent for 
transactivation or transrepression. 

Task 8-10: We showed that p73 functionally interacts with p53 in cells and activation of the p53 
pathway is necessary for the cooperative induction of apoptosis between p73 and DNA damage 
in MCF7 cells (1999 annual report). We will perform additional experiments to further 
characterize both the functional and physical interactions between p53 and p73 and prepare a 
manuscript for publication. As an extension of these tasks, we have identified two p53 target 
genes, DKK1 and TAP1, which are capable of mediating p53 tumor suppression (2000 annual 
report). 

(7) Key Research Accomplishments for the period of July 1,1999 to June 30,2000 

• A small but potent p53(AADl ABD) molecule was generated, which can induce a strong 
apoptotic response in MCF7 cells. 

• We found that at least two of the three domains, that is, activation domain 1, activation 
domain 2 and the proline-rich domain, are required for inducing cell cycle arrest. 

• Our results suggest that activation domain 2 and the proline-rich domain form an activation 
domain for inducing pro-apoptotic genes or inhibiting anti-apoptotic genes. The C-terminal 
basic domain is required for maintaining this activation domain competent for transactivation 
or transrepression. 

• p53 induces the transporter associated with antigen processing 1 gene and enhances the 
transport of MHC I class I peptides, suggesting that p53 plays a role in immunosurveillance. 

• p53 induces Dickkopf-1, an inhibitor of the Wnt signaling pathway, suggesting that 
Dickkopf-1 may mediate p53 tumor suppression by antagonizing the Wnt signaling pathway. 

(8) Reportable Outcomes for the period of July 1,1999 to June 30,2000 

1. Chen, X. 1999. The p53 family: same response, different signals? Molecular Medicine 
Today 5: 387-392. 

2. Zhu, K., J. Wang, J. Zhu, J. Jiang, J. Shou, and X. Chen. 1999. p53 activates the 
transporter associated with antigen processing 1 gene and enhances the transport of MHC I 
class I peptides. Oncogene 18: 77'40-77'47. 

3. Wang, J., J. Shou, and X. Chen. 2000. Dickkopf-1, an inhibitor of the Wnt signaling 
pathway, is induced by p53. Oncogene 19: 1843-1848. 
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(9) Conclusions 

p53(AADlABD) lacks the MDM2 binding site (1) and would not be subjected to the 
negative regulation by MDM2. Thus, p53(AADl ABD) represents a small but potent, apoptosis- 
inducing form of p53. Recent clinical tries have shown that adenoviruses expressing p53 are 
effective in treating some advanced forms of human cancers (16,17). We suggest that 
p53(AADlABD) is a good candidate to replace the larger, unwieldy wild-type p53 in cancer gene 
therapy. 

The identification of TAP1 as a novel p53 and p73 target gene suggests that p53 and p73 
function as tumor suppressors by regulating host immunosurveillance. Supporting this idea is 
the observation that deficiencies in p53 and p73 render mice susceptible to chronic infections, 
inflammation, and death due to unresolved infections. Therefore, this finding will lead us to 
further determine the role of immunosurveillance in p53 and p73 tumor suppression. 
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The p53 family: same response, 
different signals? 

TP53, the gene that encodes p53, is a well-defined tumor suppressor gene that is frequently mutated in 
human cancers. Recently, two proteins homologous to p53, termed p73 and p63, were identified. Current 
data indicate that both p73 and p63, like p53, can induce cell-cycle arrest and apoptosis, suggesting that 
they might also be tumor suppressors. However, the physiological signals that can regulate p53, for 
example, DNA damage, have no effect on p73, as tested in several cell lines. Furthermore, the signaling 
pathways by which p73 (and possibly p63) induces cell-cycle arrest and apoptosis appear to be similar to 
those of p53, but also have important differences. Thus, the p53 family proteins are closely related but 
might have distinct physiological functions. 

MOST tumor suppressor genes belong to families with several members. 
For almost two decades, no other TP53 family member was identified, and 
it was believed to be an orphan without a family; but no longer. In fact, the 
TP53 family has become quite large. Its first relative, TP73, which en- 
codes p73, was identified by chance in 1997 (Ref. 1), and its second, 
TRP63 (which encodes p63 and is also known as KET, P51, P40, chronic 
ulcerative stomatitis protein (CUSP) and P73L), was identified inde- 
pendently by several groups2-7. Furthermore, p53CP, a 40-kDa polypep- 
tide8, and NBP (non-p53 p53RE binding protein), a 44-kDa polypeptide9, 
were also found to be capable of specifically binding to the same DNA el- 
ement as does p53. Although the genes that encode p53CP and NBP have 
not yet been cloned, these proteins could be new members of the p53 
family or alternatively spliced forms of the existing p53 family proteins. 

Human p53 comprises 393 amino acid residues (Fig. 1). The TP53 
gene consists of 11 exons and is located at chromosome 17pl3.1. 
Alternative splicing of intron 9 in human p53 mRNA leads to production 
of a protein truncated at the C-terminus (p53AS)10. It is well documented 
that mouse p53 and p53AS have different patterns of production and 
different activities"'12 but the significance of human p53AS in tumor sup- 
pression remains to be elucidated. There are at least four alternatively 
spliced forms of human p73: p73a, p73ß, p737 and p738 (Fig. l)u3. The 
TP73 gene contains 14 exons and is located at chromosome lp36.33 
(Ref. 1). The human p63 subgroup of proteins contains the most variants 
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within the p53 family2^. The TRP63 gene is located at chromosome 
3q27-29 and contains 15 exons (Fig. I)2'4. The TRP63 gene can be tran- 
scribed from two different promoters, which are located upstream of 
exon 1 and within intron 3, respectively2. Alternative splicing of p63 
mRNA transcribed from the upstream promoter leads to the production of 
three spliced forms of p63: p63a, p63ß and p63y (Ref. 2). When TRP63 
is transcribed from the cryptic promoter in intron 3, three N-terminal 
truncated proteins, ANp63a, ANp63ß and ANp63y, are produced2. A 
splicing variant that deletes four amino acids in exon 9 was detected in 
both the p63 and ANp63 species2. The human KET protein appears to be 
translated from the alternative start site of the p63a transcript, generating 
39 extra residues at the N-terminus5. Because the C-terminal 114 amino 
acids in p40 are different from other p63 variants, p40 is one of the p63 
isoforms3. Altogether, the TRP63 gene encodes at least 14 variants of p63. 

The p53 protein contains several functional domains (Fig. 2b; Ref. 14 
and references therein): activation domain 1 (AD1) and AD2, located 
within residues \-M and 43-63, respectively15'16; five proline-rich growth- 
suppression motifs17, located within residues 64-90; a sequence-specific 
DNA-binding domain, located within residues 100-300; a nuclear lo- 
calization signal (NLS), located within residues 316-325; an oligomer- 
ization domain, located within residues 334-356; and a basic C-terminal 
regulatory domain, located within residues 363-393. A comparison of 
p53 sequences from various vertebrates revealed five evolutionarily 
conserved boxes. Box I is in AD1 (Refs 18,19) and boxes II to V are in 
the sequence-specific DNA-binding domain. Importantly, the vast ma- 
jority of p53 missense mutations found in human tumors are clustered 
in the sequence-specific DNA-binding domain. Indeed, both p73 and p63 
were identified as p53 family members because they contain a DNA- 
binding domain homologous to that of p53 (Refs 1-4). 

How do p73 and p63 compare with p53? The homology between p53 
and the other family members is extensive within the most conserved 
p53 functional domains (Fig. 2). Residues 1-59 in p63 and 1-54 in p73 
are 22% and 29% identical, respectively, to residues 1^45 of AD1 in 
p53. Residues 142-321 in p63 and 131-310 in p73 are 60% and 63% 
identical, respectively, to residues 113-290 of the sequence-specific 

1357-4310/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.   PII: SI357-4310(99)01545-2 387 
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Molecular Medicine Today 

Figure 1. Gene organization of the P53 family members. Exons are shown as numbered boxes and introns 
as lines. TRP63 is also known as KET, P51, P40, CUSP and P73L. The p51B protein is identical to p63ct, 
p51 A identical to p63y, p73L and CUSP identical to ANp63a, p40 identical to ANp63 except the C-terminal 
114 amino acids, and KET identical to p63a except the N-terminal 39 amino acids. Modified from Refs 1,2,13. 
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Figure 2. Homology among the p53 family of proteins, (a) p63a, (b) p53 and (c) p73a. Numbers above double- 
arrowed bars represent the percentage of p53-identical residues found in p63 or p73. Numbers above the 
bars are amino acid numbers. Abbreviations: AD, activation domain; Basic, p53 C-terminal basic domain; 
DNA binding, sequence-specific DNA-binding domain; NLS, nuclear localization signal; Oligo, oligomerization 
domain; PXXP, proline-rich domain where P represents proline and X any amino acid. 

DNA-binding domain in p53. Residues 353- 
397 in p63 and 345-390 in p73 are 37% and 
38% identical, respectively, to residues 319- 
363 of the oligomerization domain in p53. 
Although homology in the PXXP motifs be- 
tween p53 and other p53 family members is not 
significant, both p63 and p73 do contain two 
PXXP motifs. Interestingly, residues 450- 
470 in p73 are 33% identical to the C-terminal 
basic regulatory domain in p53, while such a 
domain is not present in p63. It should be 
mentioned that p63 and p73 are more homolo- 
gous to each other than to p53. Overall, p63 is 
53% identical to p73. Specifically, the iden- 
tity between p63 and p73 is 30% in the acti- 
vation domain, 87% in the DNA-binding 
domain and 65% in the oligomerization do- 
main2"1. Furthermore, human and murine p63 
are 99% identical, with only eight substitu- 
tions, whereas human and mouse p53 are only 
77% identical. Phylogenetic analysis of p53, 
p63 and p73 indicated that p63 is the most 
primitive and ancient member of the p53 fam- 
ily, suggesting that p63 might in fact be the 
evolutionary ancestor of the p53 family2. 

Are TP73 and TRP63 tumor 
suppressor genes? 
TP53 is a bona fide tumor suppressor gene be- 
cause it fulfills the 'classical features' of tumor 
suppressors (Table l)20, namely: (1) loss of func- 
tion mutations accompanied by loss of hetero- 
zygosity occur in tumors; (2) in Li-Fraumeni 
syndrome, which predisposes individuals to 
multiple early-onset cancers, one allele of 
TP53 is constitutively mutated; (3) TP53 mu- 
tations occur in -50% of spontaneous human 
tumors; (4) overexpression of TP53 inhibits 
the growth of transformed cells; and (5) p53- 
deficient mice develop tumors at an early age. 

TP73 was initially classified as a possible 
tumor suppressor gene because it is related to 
TP53, it maps to chromosome lp36.33, a re- 
gion frequently deleted in neuroblastoma and 
other human cancers and it has been found to 
be monoallelically expressed owing to gen- 
omic imprinting (Table l)1. Thus, hemizygous 
deletion of the 'expressable' allele would re- 
sult in total loss of TP73 expression in cells. 
However, the status of TP73 as a tumor sup- 
pressor gene has been challenged by recent 
observations21-26. Notably, TP73 can be bi- 
allelically expressed in both normal and tumor 
tissues or cell lines, including neuroblastoma; 
and mutation of the TP73 gene occurs infre- 
quently in human cancers27'28. However, not 
all tumor suppressor genes fulfill the classical 
features mentioned above. Among these is 
CDKN2D, which encodes pl9ARF and is an 
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Figure 3. Modulation of the p53 family members by DNA damage, p53 mu- 
tants and viral oncoproteins. Arrow indicates activation. Blocked line indicates 
inhibition. Dashed line indicates no effect. Absence of line indicates not examined. 
It should be mentioned that although p73 is not induced by DNA damage and 
ultraviolet radiation in several neuroblastoma and non-neuroblastoma cell lines1, 
it is still possible that some forms of DNA damage might affect p73 activity in 
certain tissues. In addition, more studies are needed to clarify the contradictory 
effect of the adenoviral E4orf6 oncoprotein on p73 (Refs 41-43) and to deter- 
mine whether TP53 mutants other than TP53(R175H) and TP53(R248H) can 
inhibit p73 activity. Abbreviation: HPV, human papillomavirus. 

alternatively spliced form of the CDKN2A tumor suppressor gene, 
which encodes pl6INK4a (Ref. 29). Although homozygous deletions of 
CDKN2D occur in a wide range of human tumors, inactivating point 
mutations have not been found in the unique exon Iß of CDKN2D, 
which encodes the N-terminal 64 amino acids necessary for and suf- 
ficient to induce cell-cycle arrest3031. Moreover, many inactivating 
point mutations found in CDKN2A are also predicted to alter CDKN2D, 
but those that have been tested experimentally do not affect the ability of 
pl9ARF to induce cell-cycle arrest30,31. Interestingly, the mechanism by 
which CDKN2D functions as a tumor suppressor gene is its ability to regu- 
late p53 function. Because TP53 is frequently mutated, there might be 
no selective pressure for a mutated CDKN2D. In addition, p73 function 
can be inhibited by two tumor-derived TP53 
mutants, 77>55(R175H) and 7TO(R248H), in 
mammalian cells (Fig. 3)32. Therefore, in a 
similar manner, tumor cells with a mutated 
TP53 gene would also have no selective press- 
ure to mutate the TP73 gene. Nevertheless, 
more studies are needed to determine whether 
TP73 is a true tumor suppressor gene. 

It is also not certain whether TRP63 is a 
tumor suppressor gene (Table 1). TRP63 is lo- 
cated at chromosome 3q27-29, a region that is 
not a common site of loss of heterozygosity in 
human cancers. The TRP63 gene was found to 
be mutated, albeit infrequently, in both human 
tumor tissues and cancer cell lines4. Further 
complicating this matter is the observation that 
although p63 might have functions similar to 
those of p53 in cell-cycle arrest and apoptosis, 
ANp63, which lacks an activation domain, in- 
hibits the activity of both p53 and p63, thereby 
exhibiting oncogenic functions2. Interestingly, 
TRP63 is highly expressed in the basal region 
of many epithelial tissues2 and is essential for 
limb, craniofacial and epidermal morphogen 

Modulation of the p53 family proteins 
Genomic instability is central to the development of cancer, and p53, by 
regulating the normal cellular response to DNA damage and other cellu- 
lar insults, plays an essential role in the control of growth and division, 
thereby serving as a 'guardian of the genome'35. It is well documented that 
upon DNA damage, or under conditions of hypoxia or other cellular 
stresses, the p53 protein is stabilized (Fig. 3) and accumulation of the p53 
protein leads to activation of checkpoint-control responses (for compre- 
hensive reviews on this topic, see Refs 14,36-38). Although it is still not 
certain how p53 is stabilized, one mechanism for such a process is that p53 
can be phosphorylated by a DNA-damage-inducible kinase, ataxia 
telangiectasia-mutated (ATM) kinase39, and the phosphorylated p53 is 
then resistant to ubiquitin-dependent proteolysis. In contrast, p73 is not 
induced in several cell lines when treated with DNA-damaging agents, 
actinomycin D and doxorubicin, as well as ultraviolet and ionizing ra- 
diation1. The response of p63 to DNA damage remains to be determined. 

p53 was originally identified as a protein that binds to the SV40 virus 
large T antigen14'37. It is believed that the physical interaction with and 
inactivation of p53 by viral oncoproteins, such as the SV40 large T 
antigen, adenovirus E1B 55-kDa protein and human papillomavirus 
(HPV) E6 protein, plays a central role in viral tumorigenesis14'37. How- 
ever, recent experiments failed to show a physical interaction of p73 
with the adenovirus E1B 55-kDa protein, HPV E6 protein and SV40 
large T antigen both in vitro and in vivo (Fig. 3)4(M3. Thus, these viral 
oncoproteins do not inhibit p73 function and the stable binding of these 
viral oncoproteins to p73 is apparently not necessary for transformation. 
The E1B 55-kDa protein can associate with p53, but not with p73, 
owing to the presence of an E1B 55-kDa-binding domain in p53, which 
is not present in p73 (Ref. 42). In domain-swapping experiments, five 
residues present in p53 (24-KLLPE-28), but not in the equivalent 
positions in p73 (20-SSLEP-24), were found to be necessary for E1B 
55-kDa protein binding. However, one viral oncoprotein, adenovirus 

Table 1. Members of the p53 family: how do they weigh up as 
tumor suppressors? 

Characteristic p53 p63 p73 

Loss-of-function mutations 

and LOH 

Mutations in inherited cancer 

syndromes 

Somatic mutations in spontaneous 

tumors 

Growth inhibition (cell-cycle arrest 

and apoptosis) 

Phenotype of mutant mice 

Yes 

Li-Fraumeni'8 

Yes 

Not found 

Not found 

Rarec 

Imprinted?1' 

Not found 

Rare" 

Yes 

Developmental^ normal64; 

susceptible to spontaneous 

tumors 

Yese Yes 

Postnatal lethal33-34; Not done 

limb, craniofacial and 

epidermal morphogenesis 

esis33'34. Therefore, to determine whether p63 
plays any role in tumorigenesis will require 
extensive genetic and biochemical analyses. 

•The characteristics that define a tumor suppressor gene are taken from Ref. 20. 
bp73 was found to be expressed monoallelically' and biallelically2'-25. Loss of heterozygosity (LOH) for p73 occurs 
frequently in neuroblastomas'27. 
■One somatic p63 missense mutation found in 66 human primary tumors'. 
"Mutations in p73 occur but infrequently2728. 
«p63 but not ANp63 can induce cell-cycle arrest and apoptosis2. 
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Figure 4. Regulation of the cellular target genes by the p53 family proteins. Heavy arrow indicates strong acti- 
vation. Light arrow indicates weak activation. Blocked line indicates inhibition. Dashed line indicates no ef- 
fect. Absence of line indicates not examined. Data obtained from Refs 1,2,4,44,45,62,63. Abbreviations: 
BTG2, B-cell translocation gene 2 antiproliferative; MDM2, human homolog of the murine double minute 2 
gene; PIG, p53-induced gene. 

Glossary 

Activation domain - A region of a tran- 
scription factor that is required for its 

function. It might directly or indirectly in- 
teract with the basal transcription ma- 
chinery, facilitating its assembly. 

Ataxia telangiectasia-mutated (ATM) 
gene - A gene mutated in the autosomal 
recessive disorder ataxia telangiectasia 
(AT). The gene product is a member of the 
phosphoinositide 3-kinase (PI 3-kinase) 
family. 

Cryptic promoter - Also called an alter- 
nate promoter; a DNA sequence that can 
control RNA transcription in certain tis- 
sues or in response to certain physiologi- 
cal stimuli. 

Genomic imprinting - A phenomenon 
whereby a gene on the paternally and 
maternally derived chromosomes is dif- 
ferentially expressed. 

Growth-suppression motif - A protein 
domain that is necessary for inhibiting cell 
proliferation; for example, the PXXP motif 
in p53. 

Human papillomavirus (HPV) E6 - An 
HPV-encoded oncoprotein that can bind 
to p53 and facilitate ubiquitin ligation to 
p53, leading to degradation of p53. 

PXXP motif - A motif that can bind to SH3 
(Src homology 3) domains; P represents 
proline and X any amino acid. 

E4orf6, was capable of associating with p73 and inhibiting the activ- 
ity of p73 in one experimental protocol41'43, but not in another42. Thus, 
further studies are needed to address this issue. Whether these viral on- 
coproteins can regulate p63 remains to be determined. 

The signaling pathways of the p53 family proteins leading 
to tumor suppression 
Like p53, p73 and p63 can induce cell-cycle arrest and apopto- 
sis1'2'4,44,45, both of which constitute the basic cellular mechanisms by 
which p53 mediates tumor suppression; and like p53, p73 and p63 are 
transcription factors1'2'4'44. Loss of p73 transcriptional activity abrogates 
its activity in cell-cycle arrest and apoptosis1'44'45. It is well known that 
p53 upregulates p21, an inhibitor of the cyclin-dependent kinases4M8. 
This is primarily responsible for p53-dependent arrest in Gl phase. 
Consistent with their ability to induce cell-cycle arrest, both p73 and 
p63 can induce p21 synthesis (Fig. 4)1'4'44'45. Although p73 can induce 
p21, the level of cellular p21 induced by p73 is several times lower than 
that induced by p53 (Ref. 45). Two other p53 target genes that can 

cause growth suppression and might be involved in cell-cycle arrest, 
GADD45 (Ref. 49) and B-cell translocation gene 2 antiproliferative 
(BTG2; Ref. 50), are only weakly activated by p73 (Fig. 4)45. Therefore, 
it remains to be determined whether the level of p21 induced by p73 is 
sufficient to cause cell-cycle arrest and whether other cellular genes 
might also be involved in p73-dependent cell-cycle arrest. 

p53-dependent G2-M arrest is mediated, at least in part, by upregu- 
lation of a gene known as 14-3-3(7 (Ref. 51). The product of this gene 
interacts with the cdc25 phosphatase to block activation of the cyclin 
B-dependent cdc2 kinase, which is required for initiation of mitosis52. 
Consistent with the observation that p73 can induce G2-M arrest, p73 is 
capable of inducing 14-3-3a (Fig. 4)45. Interestingly, p73 induces several- 
fold higher levels of the 14-3-3cr gene product than does p53. These 
results suggest that a signaling pathway to induce arrest in G2-M is 
conserved between p53 and p73, and that 14-3-3cr might be a bonafide 
cellular target gene of p73, even though it was originally identified as 
a potential p53 target gene. It remains to be determined whether p63 
can induce 14-3-3aa and cell-cycle arrest in G2-M. 

390 



MOLECULAR MEDICINE TODAY, SEPTEMBER 1999 (VOL. 5) Re vi e v^s 

The outstanding questions 

• What arc the physiological signals ihai regulate p63 and/or 
p73? Do the signals that regulate p53, •»ucli as DNA damage, 
hypoxia suid iiiideolidc deprivation, also regulate p(>3 and p73? 

• Arc there cellular target genes thai arc regulated -pi:cinL-aIly 
b> p63 or p73? What arc the common target.-, among llu p53 
family members? 

• What are the domains in p63 and p73 necessary for growth 
suppression? Are the domains in p63 and p73 separable for 
cell-cycle arrest and apoptosiv' 

• Do functional interactions exist among p.\3, p63 and p"' in 
cells under physiological conditions? 

• l> there a possibility thai activating p63 and p73 might be a usc- 
ful therapeutic strategy lor tumor* that have lost p5.) acli\ ity.» 

Although both p53 and p73 can induce apoptosis44'45, the signaling 
pathways used might differ, based on the differential ability of p73 to 
activate some p53 target genes. BAX and several redox-related genes 
[p53-induced gene 2 (PIG2), PIG3, PIG6 and PIG11] that might be in- 
volved in mediating p53-dependent apoptosis53'54 were not signifi- 
cantly induced by p73 (Fig. 4)45. Although PIG7, PIG8 and P85 were 
induced by P73 (Fig. 4)45, the functions of PIG7 and PIG8 in apop- 
tosis are still unknown and the role of P85 in apoptosis appears to be 
restricted to the cellular response to oxidative stress55. Because p73 
transcriptional activity is required for inducing apoptosis1'44'45, it is poss- 
ible that a distinctive group of cellular genes that can be activated by 
p73 might be responsible for mediating apoptosis. The signaling path- 
way for p63 induction of apoptosis remains to be determined. 

The human homolog of the murine double minute 2 gene (MDM2), 
an oncogene that negatively regulates p53 and is also induced by p53 
(Ref. 56), is weakly induced by p73ß but not by p73a (Fig. 4)45. MDM2 
binds to p53, enhancing the degradation of p53 through the ubiquiti- 
nation pathway57-60, as well as concealing the activation domain of p53 
(Ref. 61), thus abolishing its ability to regulate transcription. Interest- 
ingly, MDM2 binds to and suppresses p73 function without promoting 
p73 degradation62'63. The domain required for MDM2 binding is present 
in the activation domain of p63 (Ref. 2), but whether p63 can regulate 
MDM2 or be regulated by MDM2 remains to be elucidated. 

Prospects for the future 
Among the most pressing issues is the identification of physiological 
signals that regulate p63 and/or p73 activity. In addition, dissecting the 
domain(s) necessary for p63- and p73-dependent cell-cycle arrest and 
apoptosis might also provide insights into how p63 and p73 are regu- 
lated by physiological conditions and might be informative for engi- 
neering a more potent p63 or p73 for use as a therapeutic agent. Because 
p63 and p73 are infrequently mutated in human cancers, activating p63 
and/or p73 pathways in cells that have lost p53 activity might be a use- 
ful therapeutic strategy. Furthermore, it will be interesting to determine 
whether and how p63 or p73 cooperate with p53 to mediate tumor sup- 
pression; this will guide future decisions as to whether p63 or p73 
should potentially be used with p53 for gene therapy. 
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Late-breaking news 

Since acceptance of this manuscript, the signals thai can regulate and modify p73 have been unraveled. p73 can be stabilized by DNA damage in a c-Abl- 
dependent manner when cells are treated with cisplatin1 and phosphoryiated at a tyrosine residue by c-Abl when cells are gamma-irradiated2-3. However, it is 
not clear why p73 is neither phosphoryiated when cells are treated With cisplatin nor stabilized when cells are irradiated with ultraviolet light1. Nevertheless, 
c-Abl directly transduces the DNA damage signals to p73 through its Src homology 3 domain, which interacts with the C-terminal PXXP motif of p73 (Refs 
2,3). Both stabilization and tyrosine phosphorylation of p73 by c-Abl enhance the transcriptional and pro-apoptotic activity of p73 (Refs 1-3). Therefore, 
future studies should address whether other physiological signals that induce p53, such as hypoxia and nucleotide deprivation, can also induce p73. 

Reference* 
1 Gong, J, et al. (1999) The tyrosine kinase c-Abl regulates p73 in apoptotic response to cisplatin-induced DNA damage, Nature 399,806-809 
2 Agami, R. e: a! ' I '"W i Interaction of c-Abl and p73a and their collaboration to induce apoptosis, Nature 399,809-813 

3 Yuan, Z-M. etal. (1999) p73 is regulated by tyrosine kinase c-Abl in the apoptotic response to DNA damage, Nature 399,814-817 
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p53 induces TAP1 and enhances the transport of MHC class I peptides 
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The transporter associated with antigen processing 
(TAP) 1 is required for the major histocompatibility 
complex (MHC) class I antigen presentation pathway, 
which plays a key role in host tumor surveillance. Since 
more than 50% of tumors have a dysfunctional p53, 
evasion of tumor surveillance by tumor cells may be 
linked to loss of p53 function. Here we found that TAP1 
is strongly induced by p53 and DNA-damaging agents 
through a p53-responsive element. We also found that 
p73, which is homologous to p53, is capable of inducing 
TAP1 and cooperates with p53 to activate TAP1. 
Furthermore, we found that by inducing TAP1, p53 
enhances the transport of MHC class I peptides and 
expression of surface MHC-peptide complexes, and 
cooperates with interferon y to activate the MHC class 
I pathway. These results suggest that tumor surveillance 
may be a mechanism by which p53 and/or p73 function 
as tumor suppressors. 

Keywords: p53; TAP1; MHC class I; interferon y; 
tumor surveillance 

Introduction 

p53 is one of the most frequently mutated genes in 
cancer. More than 50% of all human tumors contain a 
dysfunctional p53 (Hollstein et al, 1991). It is well 
established that p53 plays an important role in the 
regulation of cell cycle, apoptosis, differentiation, and 
in the maintenance of genome integrity (Chen, 1999; 
Almog and Rotter, 1998; Ko and Prives, 1996; Levine, 
1997), all of which contribute to p53 tumor suppres- 
sion. As a sequence-specific transcription factor, p53 
up-regulates expression of several cellular genes, for 
example, p21 and 14-3-3ff that mediate p53-dependent 
cell cycle arrest (el-Deiry et al, 1993; Hermeking, 
1997), and BAX and a group of redox-related genes 
(PIGs) that may mediate p53-dependent apoptosis 
(Miyashita et al, 1994; Polyak et al, 1997). 

p53 is a multifunctional protein. Mechanisms other 
than cell cycle arrest and apoptosis may also be 
involved in p53 tumor suppression. When normal 
cells become malignant, cellular proteins that are 
normally present at low levels may become over- 
expressed or the genes that encode these cellular 
proteins may become mutated, resulting in the 
production of tumor antigens (Old and Chen, 1998). 
These tumor antigens would then be processed and 
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presented by the host major histocompatibility complex 
(MHC) class I antigen presentation pathway on the cell 
surface. Several proteins are necessary for the MHC 
class I pathway, including large multifunctional 
proteasome subunits 2 and 7 (LMP2 and LMP7), 
transporters associated with antigen processing 1 and 2 
(TAP1 and TAP2), and two polypeptides for the MHC 
class I molecule, heavy chain HLA-ABC and light 
chain ß2 microglobulin (J?2M) (Pamer and Cresswell, 
1998). LMP2 and LMP7 are involved in breaking 
down intracellular proteins into antigenic peptides. 
TAP1 and TAP2 are involved in the transport of these 
antigenic peptides from cytosol to endoplasmic 
reticulum where they bind to the assembled MHC 
class I molecules. The MHC-peptide complex is then 
transported to and expressed on the cell surface. 
Cytotoxic T lymphocytes (CTLs) recognize and attack 
cells with tumor antigens on the cell surface via an 
interaction between the T cell receptor and the MHC- 
peptide complex. However, during tumorigenesis, 
tumor cells acquire mutations that help them evade 
recognition by the immune system. One mechanism 
that tumor cells could use is to down-regulate the 
MHC class I pathway (Pamer and Cresswell, 1998; 
Restifo et al, 1993b). Without stable MHC-peptide 
complexes on the cell surfaces, tumor cells evade CTL 
recognition. 

As part of our ongoing effort to understand p53 
function in cells, we used the ClonTech PCR-Select 
cDNA Subtraction assay to identify novel cellular p53 
target genes. We found that TAP1 is specifically 
induced by both p53 and p73, which leads to 
enhanced transport of MHC class I peptides. These 
findings suggest that tumor surveillance can be 
mediated by the p53 family tumor suppressor proteins. 

Results 

Upregulation of TAP1 by p53 

In an effort to identify new p53 target genes, the 
ClonTech PCR-Select cDNA Subtraction assay was 
performed using mRNA isolated from p53-3, a 
derivative of HI299 cell line that inducibly expresses 
p53 under a tetracycline-regulated promoter (Chen et 
al, 1996b). Several cDNA fragments that may 
represent genes activated by p53 were isolated. After 
DNA sequencing, one subtracted cDNA fragment was 
found to be derived from the TAP1 gene. To confirm 
that TAP1 can be induced by p53, Northern blot 
analysis was performed using TAP1 cDNA as probe. 
We found that TAP1 was induced in p53-3 cells when 
p53 was expressed (Figure la, compare lanes 1 and 2). 
As a control, we tested expression of p21, a well- 
defined cellular p53 target gene (el-Deiry et al, 1993). 
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We found that p21 was also induced by p53 (Figure la, 
compare lanes 1 and 2). Furthermore, we found that 
mutant p53(R249S) was incapable of activating both 
TAP1 and p21 (Figure la, compare lanes 3 and 4), 
consistent with the fact that this tumor-derived p53 
mutant is defective in transactivation. After normal- 
ization to the level of GAPDH mRNA, we estimated 
that the amount of TAP1 in cells expressing p53 was 
4-6 times higher than in cells not expressing p53. 

Since the p53 protein is stabilized and accumulates 
in cells following DNA damage (Ko and Prives, 1996), 
we determined whether TAP1 can be activated by 
DNA damage in the RKO colorectal carcinoma cell 
line, which contains an endogenous wild-type p53 gene 
(Nelson and Kastan, 1994). To this end, RKO cells 
were treated with camptothecin, doxorubicin, or 
actinomycin D. Camptothecin and doxorubicin are 
inhibitors of topoisomerase I and II, respectively, both 
of which induce double-strand DNA breaks (Nelson 
and Kastan, 1994). Actinomycin D inhibits transcrip- 
tion, but induces DNA damage at low concentrations 
(1-10 nM) (Nelson and Kastan, 1994). Northern blot 
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Figure 1 (a) Wild-type p53, but not p53 mutant, induces TAPI. 
A Northern blot was prepared using 10 |ig of total RNA isolated 
from p53-3 or p53(R249S)-2 cells that were uninduced (-) or 
induced ( + ) to express wild-type p53 and mutant p53(R249S), 
respectively, (b) TAPI is induced by three DNA-damaging agents 
in RKO cells. A Northern blot was prepared using 10 /ig of total 
RNA isolated from untreated RKO cells (-) or cells treated (+) 
with 300 nM camptothecin (CPT), 1.0 ^g/ml doxorubicin (DOX), 
3.0 or 10 nM actinomycin D (ACT D). (c) TAPI is induced by 
DNA damage in six cell lines that carry an endogenous wild-type 
p53 gene but not in one that is functionally p53-null. Northern 
blots were prepared using 10 ng of total RNA isolated from seven 
individual cell lines as indicated at the top of the figure, which 
were untreated (—) or treated ( + ) with 300 nM camptothecin for 
24 h. The blots were probed with TAPI cDNA, and then 
reprobed with p21 and GAPDH cDNAs, respectively 

analysis showed that TAPI was induced in RKO cells 
treated with these DNA-damaging agents (Figure lb). 
As expected, p21 was also activated (Figure lb). After 
normalization to the level of GAPDH mRNA, we 
found that the amount of TAPI expressed in RKO 
cells treated with these DNA-damaging agents was 4- 
8 times greater than in mock-treated cells. 

If TAPI is a true cellular p53 target, TAPI should 
be induced by p53 (i.e., DNA damage) in other cell 
lines that contain an endogenous wild-type p53 gene 
but not in cell lines that are p53-null. To this end, we 
tested seven different cell lines. HCT116, LS174T, 
LnCap, WI-38, and MCF7 each contain an endogen- 
ous wild-type p53 gene. 80S14 cell line is an HCT116 
derivative that is p21-null (Waldman et al, 1996), and 
HCT116E6 is an HCT116 derivative that contains 
human papillomavirus (HPV) oncoprotein E6. Since 
HPV E6 facilitates degradation of p53 (Ko and Prives, 
1996), HCT116E6 is a p53-null-like cell line. These cells 
were treated with camptothecin and the levels of TAPI 
and p21 determined by Northern blot analysis (Figure 
lc). We found that both TAPI and p21 were induced 
in cells containing wild-type p53 when treated with 
camptothecin (Figure lc, lanes 1,2 and 7-14). 
Although p21 was not expressed in the p21-null 
80S14 cells, TAPI was still induced by DNA damage 
(Figure lc, lanes 5 and 6), indicating that p53 can 
activate TAPI independently of p21. In contrast, TAPI 
was not induced in p53-null-like HCT116E6 cells 
(Figure lc, lanes 3 and 4). 

Since p73 is homologous to p53 (Kaghad et al, 
1997) and is capable of inducing p21 (Jost et al, 1997; 
Kaghad et al, 1997; Zhu et al., 1998a), we wanted to 
determine whether TAPI is a common cellular target 
of p53 and p73. To this end, we used three H1299 cell 
lines that inducibly express two alternatively spliced 
forms of wild-type p73, i.e., p73a and p73/J, and one 
mutant p73a292, respectively (Zhu et al., 1998a). We 
found that both TAPI and p21 were induced by both 
wild-type p73a and pTiß but not by mutant p73a292 
(Figure 2a). Since both p53 and p73 are activators of 
transcription, they may cooperate to activate genes 
responsible for tumor suppression. To determine 
whether TAPI is activated cooperatively by p53 and 
p73, TAPI expression was examined in MCF7 cells 
that are either induced to express p73a, treated with 
camptothecin to induce p53, or both induced to express 
p73a and treated with camptothecin to induce p53 
(Figure 2b). We found that TAPI was up-regulated in 
MCF7 cells when treated with camptothecin (Figure 
2b, compare lanes 1 and 2) or induced to express p73a 
(Figure 2b, compare lanes 1 and 4). After Phosphor- 
Image quantitation, we found that TAPI was induced 
2.6-fold by either p53 or p73a. In contrast, TAPI was 
induced 7.1-fold when both p53 and p73a were 
expressed in MCF7 cells (Figure 2b, lane 3). These 
results suggest that p73a and p53 (DNA damage) 
cooperate to activate TAPI expression. We also found 
that p21 was activated cooperatively by p73a and 
DNA damage-induced p53 in MCF7 cells (Figure 2b). 

Because TAPI is one of the components required for 
the MHC class I antigen presentation pathway, we 
wanted to determine whether other genes in this 
pathway are regulated by p53. We examined five 
other genes by Northern blot analysis and found that 
TAP2, LMP2, LMP7 and MHC class I heavy chain 
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Figure 2 (a) Wild-type p73, but not mutant p73, is capable of 
inducing TAP1. A Northern blot was prepared using 10 ^g of 
total RNA isolated from uninduced cells (lanes 1, 3, 5 and 7) or 
cells that were induced to express wild-type p53 (lane 2), p73a 
(lane 4), p73/3 (lane 6), or mutant p73a292 (lane 8). (b) p73 
cooperates with DNA damage to activate TAP1 in MCF7 cells 
that carry an endogenous wild-type p53 gene. A Northern blot 
was prepared using 10 fig of total RNA isolated from MCF7 cells 
that were untreated (lane 1), treated with 300 nM camptothecin 
(CPT) to induce endogenous wild-type p53 (lane 2), induced to 
express exogenous p73a and treated with 300 nM camptothecin to 
induce endogenous wild-type p53 (lane 3), or induced to express 
exogenous p73a (lane 4). The blots were probed with TAP1, p21, 
and GAPDH cDNAs, respectively 

HLA-ABC and light chain ß2M were expressed, but 
not significantly induced by p53 or DNA damage in 
p53-3 and RKO cells, respectively (Figure 3). 

Next, we examined the level of TAP1 protein in p53- 
3 cells by Western blot analysis. We found that p53 
expression resulted in the increase of TAP1 protein 
(Figure 4, compare lanes 1 and 2), consistent with p53 
induction of TAP1 mRNA as analysed by Northern 
blot analysis (Figure la). p53-3 cells were also treated 
with 5, 15, 50, 100 and 500 U of IFNy, a potent 
inducer of TAP1 (Stark et al, 1998). We found that 
the TAP1 protein was efficiently induced with 15 U/ml 
of IFNy (Figure 4, lane 3). 

Identification of a specific p53-responsive element in the 
TAPI gene 

To define whether TAP1 is a true target of p53, we 
searched for a p53-responsive element in the genomic 
DNA sequence of the TAP1 gene. A potential p53- 
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Figure 3 TAP1, but not other components in the MHC class I 
pathway, is induced by p53. Northern blots were prepared using 
10 fig of total RNA isolated from p53-3 cells that were uninduced 
(—) or induced ( + ) to express exogenous wild-type p53, or from 
RKO cells that were untreated (-) or treated ( + ) with 300 nM 
camptothecin to induce endogenous wild-type p53 for 24 h. The 
blots were probed with TAP1, TAP2, LMP2, LMP7, HLA-ABC, 
ß2M, p21 and GAPDH cDNAs, respectively 

<^ 

P21 

p53 

actin -f- 
1     2    3 

Figure 4 The TAPI protein is increased in cells expressing p53 
or treated with IFNy. The levels of TAPI, p21, p53, and actin 
proteins in p53-3 cells that were untreated (lane 1), induced to 
express p53 (lane 2), or treated with 15 U/ml of IFNy (lane 3), 
were assayed by Western blot analysis. The blots were probed 
with anti-TAPl monoclonal antibody A148.3, anti-p21 mono- 
clonal antibody, and a mixture of anti-p53 monoclonal antibody 
Pabl801 and anti-actin polyclonal antibody, respectively 
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binding site was found to be located approximately 300 
nucleotides downstream of the TAP1 transcription 
start site (Beck et ah, 1992). This sequence (ggg cttg 
g*cc ctgccg gga cttg ccf) has only one mismatch (G* 
instead of C/T) to the consensus p53-binding site (el- 
Deiry et ah, 1992). To analyse whether p53 binds to 
this sequence, a 59-bp DNA fragment containing this 
region was synthesized, 32P-labeled, and used in an 
electrophoretic mobility shift assay (EMSA). We found 
that p53 interacts specifically with the potential p53- 
responsive element in the TAP1 gene (data not shown). 

We further examined whether the potential p53- 
binding site is responsive to p53 in vivo. To do this, the 
potential p53-responsive element was cloned upstream 
of a minimal promoter and a luciferase reporter gene 
to generate the reporter vector TAP 1-Flue. The 
construct GADD45-Fluc, which contains a p53- 
responsive element from the GADD45 gene, a well- 
defined cellular p53 target, was used as a positive 
control as described previously (Chen et al, 1995). We 
found that the luciferase activity for either TAP 1-Flue 
or GADD45-Fluc was markedly increased by wild-type 

p53 (Figure 5a), suggesting that p53 can bind to the 
p53-responsive elements from both the TAP1 and 
GADD45 genes. Interestingly, we observed that the 
increase in the luciferase activity by p53 for TAPl-Fluc 
was about five times greater than that for GADD45- 
Fluc (Figure 5a). This suggests that the p53-binding 
site in the TAP1 gene may have a higher affinity for 
p53 than the binding site in the GADD45 gene. 
Similarly, we found that the luciferase activity for 
TAPl-Fluc was increased by both p73a and p73/J 
(Figure 5b). In contrast, the luciferase activity for 
TAPl-Fluc was not increased by the mutants 
p53(V143A), p53(R175H), p53(R249S), or 
p53(R273H) (Figure 5c), consistent with the observa- 
tion that mutant p53(R249S) was incapable of inducing 
TAP1 (Figure la). 

p53 induction of TAP I leads to increased transport of 
MHC class I peptides 

To determine whether induction of TAP1 by p53 can 
lead to increased transport of MHC class I peptides, 
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Figure 5 Wild-type p53 and p73 bind to the p53-responsive element in vivo, (a) The potential p53-binding site in the TAP1 gene is 
responsive to wild-type p53 in vivo. 5 n% of TAPl-Fluc or GADD45-Fluc was co-transfected into H1299 cells with 5 /ig of pcDNA3 
or a vector that expresses wild-type p53. The fold increase in relative luciferase activity is a product of the luciferase activity 
activated by p53 divided by that activated by pcDNA3. (b) The potential p53-binding site in the TAP1 gene is responsive to wild- 
type p73 in vivo. 5 n% of TAPl-Fluc was co-transfected into H1299 cells with 5 /jg of pcDNA3 or a vector that expresses wild-type 
p73a or p73/?. The fold increase in relative luciferase activity is calculated similarly to that in (a), (c) p53 mutants are unable to 
increase the luciferase activity for TAPl-Fluc. 5 /ig of TAPl-Fluc was co-transfected into H1299 cells with 5 /ig of pcDNA3 or a 
vector that expresses p53(V143A), p53(R175H), p53(R249S), or p53(R273H). The fold increase in relative luciferase activity was 
determined similarly to that in (a) 
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Figure 6 (a) p53 and IFNy increases peptide transport capacity in p53-3 cells. p53-3 cells were uninduced, induced to express p53, 
or treated with 5 or 20 U/ml of IFNy for 24 h. The extent of peptide glycosylation was then used to measure the relative peptide 
transport capacity in cells, (b) p53 cooperates with IFNy to enhance the expression of surface MHC-peptide complexes. p53-3 cells 
that were uninduced or induced to express p53 were mock-treated or treated with 500 U/ml IFNy for 48 h. The level of surface 
MHC-peptide complexes was determined by FACS analysis with anti-human HLA-ABC antibody B-H9. Mouse IgGl was used as 
an isotype control 
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we performed peptide transport assays (Ma et al, 
1997). We found that the amount of glycosylated B27 
peptide, a variant of an HLA-B27-binding, human 
histone 3 peptide, was significantly increased in p53-3 
cells by p53 and IFNy (Figure 6a). Similar results were 
obtained with A3 peptide, a variant of an HLA-A3- 
binding, HIV nef 7B peptide (data not shown). It 
should be noted that since IFNy can also induce TAP2, 
the other key component for the transport of MHC 
class I peptides (Pamer and Cresswell, 1998), it is not 
surprising that IFNy was more potent than p53 in 
enhancing the transport of B27 peptide (Figure 6a). 

As MHC class I peptides are transported into the 
endoplasmic reticulum, they bind to assembled MHC 
class I molecules to form stable MHC-peptide 
complexes, which are subsequently expressed on the 
cell surface (Pamer and Cresswell, 1998). To determine 
whether p53 can increase the expression of surface 
MHC-peptide complexes on p53-3 cells, FACS analysis 
was performed. We found that the level of surface 
MHC-peptide complexes was not significantly in- 
creased by p53 (Figure 6b). This is not surprising 
since other abnormalities in the MHC class I pathway 
can inhibit MHC class I expression (Proffitt and Blair, 
1997; Restifo et al, 1993a). Indeed, the LMP7 gene, 
whose product is required for the generation of MHC 
class I peptides, was found to be expressed at an 
extremely low level in p53-3 cells (Figure 3). 
Consequently, the supply of cellular MHC class I 
peptides may be limited, which hinders the formation 
of stable MHC-peptide complexes. Therefore, we 
examined whether p53 can further increase MHC 
class I expression when p53-3 cells are treated with 
IFNy to induce LMP7. We found that the level of 
MHC-peptides complexes expressed on IFNy-treated 
cells was about 1.5 times higher than on untreated cells 
or cells expressing p53 (Figure 6b). However, when 
cells were both induced to express p53 and treated with 
IFNy, the level of surface MHC-peptide complexes was 
2.6 times greater than on untreated cells or cells 
expressing p53 alone (Figure 6b). 

Since the LMP7 gene is highly expressed in the 
RKO cell line (Figure 3, LMP7 panel), we chose it to 
further determine whether p53 can enhance the 
transport of MHC class I peptides and expression of 
surface MHC-peptide complexes. As expected, when 
RKO cells were treated with camptothecin, the p53 
protein was stabilized (Figure 7a, p53 panel), and 
subsequently, the TAP1 mRNA (Figure 7b, TAP1 
panel) and protein (Figure 7a, TAP1 panel) upregu- 
lated. When RKO cells were treated with IFNy, p53 
was not stabilized (Figure 7a, p53 panel), but the 
TAP1 mRNA (Figure 7b, TAP1 panel) and protein 
(Figure 7a, TAP1 panel) were increased, suggesting 
that IFNy can regulate the MHC class I pathway 
independently of p53 in RKO cells. To determine 
whether p53 is necessary for the enhanced expression 
of TAP1, we generated a derivative of the RKO cell 
line, RE6-26, which stably expresses HPV E6 
oncoprotein. As a result, RE6-26 becomes a p53- 
null-like cell line. Indeed, p53 was undetectable in 
RE6-26 cells when treated with camptothecin (Figure 
7a, compare lanes 4 and 5, p53 panel) and 
subsequently, the TAP1 mRNA (Figure 7b, TAP1 
panel) and protein (Figure 7a, TAP1 panel) not 
induced. However, TAP1 was still induced in RE6- 
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Figure 7 (a) p53 is required for the increased expression of 
TAP1 protein in RKO cells by DNA damage. The levels of 
TAP1, p53, and actin proteins in RKO and RE6-26 cells that 
were untreated (lanes 1 and 4), treated with 100 nM camptothecin 
(lanes 2 and 5), or 20 U/ml IFNy (lanes 3 and 6), were assayed by 
Western blot analysis. The blots were probed with anti-p53 
Pabl801, anti-TAPl A148.3, and anti-actin polyclonal antibody, 
respectively, (b) p53 is required for the increased expression of 
TAP1 mRNA in RKO cells by DNA damage. Northern blots 
were prepared using 10 ^g of total RNA isolated from RKO or 
RE6-26 cells that were untreated (lanes 1 and 8), treated with 50, 
100, or 200 nM camptothecin (lanes 2-4 and 9-11), or treated 
with 10, 20, or 40 U/ml IFNy (lanes 5-7 and 12-14) for 24 h. 
The blots were probed with TAP1 cDNA, and then reprobed with 
GAPDH cDNA. (c) p53 is required for the increased peptide 
transport capacity in RKO cells by DNA damage. Peptide 
transport assay was performed using RKO or RE6-26 cells that 
were untreated, treated with 100 nM camptothecin, or treated with 
5 or 20 U/ml IFNy for 24 h. The extent of peptide glycosylation 
was then used to measure the relative peptide transport capacity 
in cells 

26 cells by IFNy (Figure 7a, TAP1 panel; Figure 7b, 
TAP1 panel), suggesting that the IFNy-regulated 
MHC class I pathway is not affected by the HPV 
E6 oncoprotein. 

Next, we determined the peptide transport capacity 
in RKO and RE6-26 cells when treated with 
camptothecin or IFNy. We found that the amount of 
glycosylated peptide was increased in RKO cells by 
both camptothecin and IFNy (Figure 7c). In contrast, 
IFNy, but not camptothecin, was capable of increasing 
the transport of MHC class I peptides in RE6-26 cells 
(Figure 7c). 

To determine whether DNA damage can increase 
the expression of surface MHC-peptide complexes, 
RKO cells were treated with 0, 10, 25, 50, 250 and 
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500 nM camptothecin for 24 h or treated with 250 nM 
camptothecin for 0, 12, 24, 36 and 48 h. We found that 
the level of surface MHC-peptide complexes was 
increased markedly in RKO cells by DNA damage in 
dose- and time-dependent manners (Figure 8a, b). In 
contrast, DNA damage had no effect on the MHC 
class I expression in RE6-26 cells (data not shown). 
These results suggest that p53 is responsible for the 
upregulation of the MHC class I pathway following 
DNA damage. 

Discussion 

In this study we have demonstrated that TAP1 can be 
induced by both p53 and several DNA-damaging 
agents. The induction of TAP1 by DNA damage is 
p53-dependent because TAP1 is not induced in cells 
when p53 is functionally null. We found that this 
induction is mediated by a p53-responsive element 
located 300 nucleotides downstream of the TAP1 
transcription start site. Furthermore, the newly 
synthesized, p53-induced TAP1 protein is functional 
in increasing the transport of MHC class I peptides 
and subsequent expression of surface MHC-peptide 
complexes. 

Since the MHC class I pathway is critical for host 
tumor surveillance (Pamer and Cresswell, 1998), 
tumor cells could evade tumor surveillance by 
acquiring mutations that inhibit the MHC class I 
pathway. Thus, mutation of one or more of the genes 
that encode key components for the MHC class I 
pathway would diminish or abrogate the host tumor 
surveillance. Indeed, the genes that encode the MHC 
heavy chain HLA-ABC and light chain /J2M were 
found to be mutated in melanoma tumors (D'Urso et 
al, 1991; Restifo et al, 1993a). In adenovirus 12- 
transformed cells, the expression of the LMP2 gene 
was inhibited by adenoviral oncoproteins (Deiss and 
Kimchi, 1991; Proffitt and Blair, 1997). Interestingly, 
mutations that affect TAP1 occur frequently in a 
variety of human tumors (Amiot et al, 1998; Chen et 
al, 1996a; Cromme et ah, 1994; Kaklamanis et al, 
1995; Khanna et al, 1998) and tumor cell lines (Alpan 
et al, 1996; Johnsen et al, 1998; Restifo et al, 1993a; 
Vitale et al, 1998; Wang et al, 1998). Here we found 
that   the   tumor   suppressor   p53   is   necessary   for 

inducing TAP1 in cells following DNA damage. 
Thus, a dysfunctional p53 in more than 50% of 
human tumor cells would not induce TAP1 following 
genotoxic stress. 

How does this novel activity of p53 relate to the 
central role of p53 in tumor suppression? p53 is a well- 
defined checkpoint protein in the cell cycle (Almog and 
Rotter, 1998; Ko and Prives, 1996; Levine, 1997). 
When cells are exposed to extracellular or intracellular 
stresses, for example, DNA damage, p53 is stabilized, 
resulting in cell cycle arrest, apoptosis, or differentia- 
tion. Cells suffering from DNA damage often express 
abnormal cellular proteins that need to be processed 
and presented on the cell surface (Old and Chen, 1998). 
These cells are then recognized by the host immune 
system, leading to their elimination. Our data suggest 
that p53 also activates the MHC class I pathway by 
inducing TAP1, which would facilitate this process. If 
tumor cells acquire additional mutations that inactivate 
p53, this process of tumor surveillance would be 
curtailed. Similarly, when oncogenic tumor viruses 
invade cells, viral proteins are expressed in cells, and 
then are processed and expressed on the cell surfaces 
by the MHC class I pathway, leading to elimination of 
the infected cells (McMichael, 1998; Ploegh, 1998). 
However, viral oncoproteins, such as HPV E6, 
adenoviral E1B, and hepatitis B virus (HBV) X, 
inactivate p53 (Ko and Prives, 1996), which in turn 
would abrogate the p53-dependent activation of TAP1. 
We have shown here that HPV E6 oncoprotein does 
just this in RKO and HCT116 cells. Subsequently, the 
infected cells would evade recognition by the host 
immune system and become transformed. Thus, we 
hypothesize that p53 may have a function in tumor 
surveillance and inactivation of p53 may be one 
mechanism that tumor cells use to evade host tumor 
surveillance. 

The MHC class I pathway has been found to be 
defective in several neuroblastoma cell lines (Cheng et 
al, 1996), which also carry a hemizygous deletion of a 
9 CM interval on chromosome lp35-36.1 where the p73 
gene is located (Kaghad et al, 1997). Since p73 is 
expressed from only one allele in some cells due to 
genomic imprinting (Kaghad et al, 1997), a hemi- 
zygous deletion of the expressible allele would result in 
total loss of p73 expression. In this study, we found 
that p73 is capable of activating the TAP1 gene. Thus, 
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consistent with the previous observation, loss of p73 
may be responsible for down-regulation of the MHC 
class I pathway in some neuroblastoma cells. 

IFN-y is the most potent inducer of the MHC class I 
pathway (Stark et al, 1998). Upon binding to its 
receptor, IFNy activates the Jak/Stat signaling path- 
way, leading to induction of at least two groups of 
transcriptional activators, i.e., the IFN regulatory 
factors (IRFs) and the class II transactivator 
(CIITA). IRFs bind to the IFN-stimulated response 
element (ISRE) and activate several genes in the MHC 
class I pathway, including the TAP1 gene (Pamer and 
Cresswell, 1998; Stark et al, 1998). CIITA binds to the 
site a in the MHC class I heavy chain genes and 
activates HLA-ABC expression (Gobin et al, 1997; 
Martin et al, 1997). Since the induction of TAP1 by 
IFNy occurs in H1299 cells that are p53-null (Figure 
4), the regulation of the MHC class I pathway by IFNy 
is independent of p53. A recent report showed that 
IFNy-insensitive p53~'~ mice develop tumors more 
rapidly with a broader spectrum of tumors when 
compared to either p53w~ mice or IFNy-insensitive 
mice individually (Kaplan et al, 1998). Furthermore, 
we found that p53 can cooperate with IFNy to activate 
the MHC class I pathway. Thus, it is likely that tumor 
cells lacking both p53 and an IFNy response would be 
defective in the MHC class I antigen presentation 
pathway, and such cells would become less immuno- 
genic. 

Materials and methods 

Cell culture 

H1299, HCT116, LS174T, LnCap, MCF-7 and WI-38 cell 
lines were purchased from American Type Culture Collec- 
tion. RKO cells were cultured as described (Nelson and 
Kastan, 1994). 80S14 cell line was cultured as described 
(Waldman et al, 1996). RE6-26 and HCT116E6 are 
derivatives of RKO and HCT116, respectively, which were 
stably transfected with the E6 gene from human papilloma 
virus (HPV) 16 (Munger et al, 1989). p53-3 and p53(R249S)- 
2 cell lines, derivatives of HI299 that inducibly express wild- 
type p53 and p53(R249S), respectively, were cultured as 
described (Chen et al., 1996b). The H1299 cell lines that 
inducibly express p73a, p73a292 and p73/? are p73a-22, 
p73a292-20 and p73/?-9, respectively, as previously described 
(Zhu et al, 1998a). The MCF7 cell line, which expresses tet- 
VP16 for generation of tetracycline inducible cell lines, was 
purchased from ClonTech (Palo Alto, CA, USA). MCF7 cell 
lines that express inducible proteins of interest were generated 
as previously described (Chen et al, 1996b). Camptothecin, 
doxorubicin, and actinomycin D were purchased from Sigma 
(St. Louis, MC, USA). Human recombinant IFNy was 
purchased from Boehringer Mannheim Biochemical (Ger- 
many). 

RNA isolation, cDNA subtraction assay, and Northern blot 
analysis 

Poly(A)+ RNA was isolated from p53-3 cells using mRNA 
purification kit (Pharmacia, Piscataway, NJ, USA). Total 
RNA was isolated from cells using Trizol reagents (Life 
Technologies, Inc., Gaithersburg, MD, USA). cDNA 
subtraction assay was performed using ClonTech PCR- 
Select cDNA Subtraction kit (ClonTech, Palo Alto, CA, 
USA). Northern blot analysis was performed as described 
previously (Zhu et al, 1998a). p21 and GAPDH probes were 

prepared as described previously (Zhu et al, 1998b). TAP1 
probe, a 800-bp Smal-Hindlll fragment, was prepared from 
human TAP1 cDNA. LMP2 and TAP2 probes were 
generated by RT-PCR as described previously (Restifo et 
al, 1993a). HLA-ABC probe was prepared from mouse H2- 
Kb cDNA. ßM cDNA probe (GenBank # AA143790) and 
LMP7 cDNA probe (AA147042) were purchased from 
Genome System Inc. (St. Louis, MO, USA). 

Electrophoretic mobility shift assay (EMSA) and luciferase 
assay 

Purification of the p53 protein and EMSA were performed as 
described previously (Chen et al, 1993). The EMSA probe 
was a 59-bp fragment containing a potential p53-binding site 
(underlined) in the TAP1 gene: 5'-atcgacgtaagcttctg- 
cagggcttgg*ccctgccgsggacttgcctagatctacgt-3'. For luciferase 
assay, the fragment was cloned upstream of a minimal c-fos 
promoter and a firefly luciferase reporter gene (Johansen and 
Prywes, 1994), and the resulting construct designated TAP1- 
Fluc. GADD45-Fluc was described previously (Chen et al, 
1995). TAPl-Fluc or GADD45-Fluc was co-transfected into 
HI299 cells with control vector pcDNA3 or a vector that 
expresses wild-type p53, p53(V143A), p53(R175H), 
p53(R249S), p53(R273H), p73a or p73j8. Dual luciferase 
assay was performed according to the manufacturer's 
instructions (Promega). 

Western blot analysis 

Western blot analysis was performed as described previously 
(Zhu et al, 1998b). Anti-human TAP1 monoclonal antibody, 
Abl48.3, was kindly provided by Dr B Seliger (Meyer et al, 
1994). Antibodies against p53, p21, actin were described 
previously (Zhu et al, 1998a). 

Peptide, peptide labeling and peptide transport assay 

Two MHC class I peptides were synthesized by Molecular 
Biology Core Facility (Medical College of Georgia) for use in 
the transport assay. These were: B27, a variant of an HLA- 
B27-binding, human histone 3 peptide (RRYQNSTEL), 
where Asn is substituted for Lys (Ma et al, 1997); and A3, 
a variant of an HLA-A3-binding, HIV nef 7B peptide 
(QVPLRMvlTYK), where Asn is substituted for Pro (Ma 
et al, 1997). The peptides were labeled with Na ,25I 
(Amersham Pharmacia) and purified through a sephadex G- 
25 column. The specific activity of the labeled peptides was 
approximately 100 c.p.m./fmol. Transport assay was per- 
formed as previously described (Ma et al, 1997). 

FACS analysis 

FACS analysis was performed as previously described (Ma et 
al, 1997). FITC-labeled mouse anti-human HLA-ABC 
monoclonal antibody B-H9 was purchased from BioSource 
International (Carmarillo, CA, USA). FITC-labeled mouse 
IgGl monoclonal antibody was purchased from PharMingen 
(San Diego, CA, USA). The relative amount of the surface 
MHC-peptide complexes is measured by the relative mean 
fluorescence intensity from FITC-labeled mouse anti-human 
HLA-ABC monoclonal antibody. 
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Dickkopf-1, an inhibitor of the Wnt signaling pathway, is induced by p53 
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Dickkopf-l (Dkk-1), a secreted glycoprotein, has been 
found to be necessary and sufficient for inducing 
amphibian head formation. Interestingly, the mechanism 
by which Dkk-1 does this is the ability of Dkk-1 to 
antagonize the Wnt signaling pathway. Wnt, itself a 
proto-oncoprotein, can promote cell proliferation and 
transformation when mutated or overexpressed, leading 
to tumor formation. p53 is a tumor suppressor and loss 
of p53 function accelerates mammary tumorigenesis by 
Wnt. In this study, we found that Dkk-1 is induced by 
wild-type p53 but not mutant p53(R249S). In addition, 
DNA damage upregulates Dkk-1 in cell lines that harbor 
an endogenous wild-type p53 gene but not in cell lines 
that are p53-null or harbor an endogenous mutant p53 
gene. We also found a potential p53 responsive element 
located approximately 2100 nucleotides upstream of the 
Dkk-1 transcription start site and we show that p53 
binds specifically to this element both in vitro and in vivo. 
Furthermore, we have established several cell lines 
derived from H1299 lung carcinoma and U118 glioma 
cells that inducibly express Dkk-1 under a tetracycline- 
regulated promoter. We found that Dkk-1 has no effect 
on proliferation of cells that are not transformed by 
Wnt. Taken together, these results suggest that Dkk-1 
may mediate p53 tumor suppression by antagonizing the 
Wnt signaling pathway. Oncogene (2000) 19, 1843 — 
1848. 

Keywords: p53; Dickkopf-1; Wnt 

The Wnt genes, encoding a large family of secreted, 
cysteine-rich glycosylated proteins, are evolutionarily 
conserved among diverse organisms such as Homo 
sapiens, Mus musculus, Xenopus laevis, Drosophila 
melanogaster, and Caenorhabditis elegans (Brown and 
Moon, 1998; Nusse and Varmus, 1992; Wodarz and 
Nusse, 1998). Genetic studies have demonstrated that 
the Wnt proteins serve as intercellular signaling 
molecules and play key roles in embryogenesis, 
segment polarity, central nervous system (CNS) 
patterning, and the control of asymmetric cell divisions 
(Wodarz and Nusse, 1998). Wnt signaling events are 
initiated by the binding of Wnt to its receptor, Frizzled 
(Krasnow et al, 1995; Wong and Adler, 1993), which 
leads to activation of the Dishevelled protein (Klingen- 
smith et al., 1994; Krasnow et al., 1995; Theisen et al., 
1994). The activated Dishevelled protein enhances the 
phosphorylation of glycogen synthase kinase (GSK) 
(Cook et al, 1996), which inhibits the ability of GSK 
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to phosphorylate /?-catenin, leading to increased 
stability and accumulation of /J-catenin (Munemitsu 
et al, 1996; Pai et al, 1997; Yost et al, 1996). ß- 
catenin can interact with members of T cell factor 
(TCF)/lymphoid enhancer factor (LCF) family in the 
nucleus, which regulates Wnt target genes necessary for 
development (Wodarz and Nusse, 1998). 

Abnormal activation of the Wnt signaling pathway 
can lead to developmental catastrophe, such as duplica- 
tion of the embryonic axis and subsequent induction of 
two-headed embryos in Xenopus laevis, and tumor 
formation in the mouse and human (Brown and Moon, 
1998; Nusse and Varmus, 1992; Wodarz and Nusse, 
1998). Recent studies in Xenopus embryos have identified 
at least four families of inhibitors of the Wnt signaling 
pathway, that is, Frizzled-related protein (FRP), 
Cerberus, Wnt-inhibitory factor-1 (WIF-1), and Dick- 
kopf-1 (Dkk-1). Cerberus and WIF-1 physically interact 
with and inhibit Wnt (Glinka et al, 1997; Hsieh et al, 
1999; Piccolo et al, 1999). FRP inhibits the Wnt 
signaling pathway by physically associating with both 
Wnt and its receptor, Frizzled (Bafico et al, 1999; Finch 
et al, 1997; Leyns et al, 1997; Wang et al, 1997). Dkk-1 
inhibits Wnt-mediated axis duplication in Xenopus 
(Glinka et al, 1998). In addition, by inhibiting the Wnt 
signaling pathway, Dkk-1 is sufficient and necessary for 
head induction (Glinka et al, 1998). Furthermore, Dkk- 
1 suppresses the ability of Wnt to promote cell 
proliferation (Fedi et al, 1999). However, the mechan- 
ism by which Dkk-1 inhibits the Wnt signaling pathway 
and how Dkk-1 is regulated are still not clear. 

p53 is a checkpoint protein. A large body of evidence 
suggests that p53 plays an important role in the 
regulation of numerous processes including cell cycle 
progression, differentiation, and apoptosis (Argarwal et 
al, 1998; Almog and Rotter, 1997; Ko and Prives, 1996; 
Levine, 1997). Loss or mutation of p53 in some tumors 
has been correlated with a marked decrease of apoptosis 
and/or with a marked increase of cell proliferation. As a 
result, p53 deficiency can convert a slow growing tumor 
to a rapidly growing one (Howes et al, 1994; Pan and 
Griep, 1995; Symonds et al, 1994). Indeed, tumors 
appear at an earlier age in Wnt-1 and ras transgenic 
mice lacking p53 than in animals carrying one or both 
alleles of the p53 gene (Donehower et al, 1995; 
Hundley et al, 1997). Interestingly, the early onset of 
tumors in the Wnt-1 and ras transgenic mice is due to 
enhanced tumor cell proliferation but not decreased 
apoptosis in the absence of p53. Thus, p53 activities are 
necessary for inhibiting the acquired growth potential 
of tumor cells conferred by Wnt and ras (Hundley et al, 
1997; Jones et al, 1997). 

p53 transcriptional activity is necessary for tumor 
suppression (Chen, 1999; el-Deiry, 1998; Ko and 
Prives, 1996; Levine, 1997). p53 directly binds to 
DNA in a sequence specific manner and transactivates 
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cellular target genes. A number of cellular genes has 
been found to be induced by p53. Among these are p21 
(el-Deiry et al, 1993), GADD45 (Kastan et al, 1992), 
BAX (Miyashita et al, 1994), MDM2 (Wu et al, 
1993), BTG2 (Rouault et al, 1996), PIGs (Polyak et 
al, 1997), 14-3-3(7 (Hermeking et al, 1997), IGFBP3 
(Buckbinder et al, 1995), PI(3)K regulatory subunit 
p85 (Yin et al, 1998), KILLER/DR5 (Wu et al, 1997), 
and TAP I (Zhu et al, 1999). p21, 14-3-3<r, GADD45, 
and BTG2 have been shown to be capable of mediating 
p53-dependent cell cycle arrest (Chen et al, 1996; el- 
Deiry et al, 1993; Hermeking et al, 1997; Rouault et 
al, 1996; Wang et al, 1999) while BAX, p85, IGFBP3, 
KILLER/DR5 and PIGs may mediate apoptosis 
(Buckbinder et al, 1995; Miyashita et al, 1994; Polyak 
et al, 1997; Wu et al, 1997; Yin et al, 1998). Recently, 
we found that TAP1 is specifically induced by both p53 
and p73, which leads to enhanced transport of MHC 
class I peptides, suggesting that tumor surveillance can 
be mediated by the p53 family tumor suppressor 
proteins (Zhu et al, 1999). 

In our ongoing effort to identify novel p53 target 
genes, the ClonTech PCR-Select cDNA Subtraction 
Assay was performed using mRNA isolated from p53- 
3, a derivative of the HI299 cell line that inducibly 
expresses p53 under a Tet-Off tetracycline-regulated 
promoter (Chen et al, 1996). Several cDNA fragments 
that may represent gene activated by p53 were isolated. 
After DNA sequencing and comparison with known 
sequences in GenBank, one subtracted cDNA fragment 
was found to be derived from the Dkk-1 gene. To 
confirm that Dkk-1 is specifically induced by wild-type 
but not mutant p53, Northern blot analysis was 
performed using Dkk-1 cDNA as probe. We found 
that Dkk-1 was induced by p53 in p53-3 cells (Figure 
la, compare lanes 1 and 2). As a control, we tested 
expression of p21, a well-defined cellular p53 target 
gene (el-Deiry et al, 1993). We found that p21 was also 
induced by p53 (Figure la, compare lanes 1 and 2). 
Furthermore, we found that mutant p53(R249S) was 
incapable of inducing either Dkk-1 or p21 (Figure la, 
compare lanes 3 and 4), consistent with the fact that 

Dkk-1 
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P21 « 

GAPDH      W0P* 

12   3 4 

<f <A 

CPT      -    +        _     + 

Dkk-1     Wjf       tfli 

p21 N 
GAPDH 

12 3 4 5   6 7   8   9 10 

Figure 1 Upregulation of Dkk-1 by p53. (a) Wild-type p53, but not p53 mutant, induces Dkk-1. A Northern blot was prepared 
using 10 /ig of total RNA isolated from p53-3 or p53(R249S)-4 cells that were uninduced (—) or induced ( + ) to express wild-type 
p53 and mutant p53(R249S), respectively. The blot was probed with Dkk-1 cDNA, and then reprobed with both p21 and GAPDH 
cDNAs. (b) Dkk-1 is induced by DNA damage in cell lines that carry an endogenous wild-type p53 gene but not in cells that are 
p53-null-like or contain an endogenous mutant p53 gene. Northern blots were prepared using 10 /ig of total RNA isolated from 
HCT116, U87, LS174T, HCT116E6 or MDA-MB-435 cells that were untreated (-) or treated ( + ) with 300 nM camptothecin for 
24 h. The blots were probed with Dkk-1 cDNA, and then reprobed with p21 and GAPDH cDNAs. Northern blot analysis was 
performed as described previously (Zhu et al., 1998). p21 and GAPDH probes were prepared as described previously (Zhu et al, 
1998). Dkk-1 probe, a 600 bp HindlU fragment, was prepared from human Dkk-1 cDNA 
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this tumor-derived p53 mutant is defective in transacti- 
vation (Friedlander et al, 1996). After normalization 
to the level of GAPDH mRNA, we estimated that the 
amount of Dkk-1 in cells expressing p53 was up to 6- 
8 times higher than in cells not expressing p53. 

DNA damage stabilizes and activates p53, leading to 
induction of p53 target genes (Giaccia and Kastan, 
1998; Ko and Prives, 1996; Levine, 1997). If Dkk-1 is a 
true p53 target, it would be induced by DNA damage 
in cells that contain an endogenous wild-type p53 gene 

Dickkopf-l, a potential mediator of p53 tumor suppression 
J Wang et al (D 
but not in cell lines that are p53-null or contain an 
endogenous mutant p53 gene. To this end, we tested 
five cell lines using the DNA damaging agent 
camptothecin, which is an inhibitor of topoisomerase I 
and can induce double strand DNA breaks (Nelson 
and Kastan, 1994). These cells were treated with 
camptothecin and the levels of Dkk-1 and p21 
determined by Northern blot analysis (Figure lb). We 
found that both Dkk-1 and p21 were induced in 
camptothecin-treated HCT116, LS174T, and U87 cells, 

1845 
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Figure 2 Identification of a p53-responsive element in the Dkk-1 gene, (a) Schematic representation of the Dkk-1 genomic DNA 
structure. The position of the potential Dkk-1 transcription start site and a potential p53 responsive element are indicated. Shown 
below the genomic structure are the sequence of the potential p53 responsive element and the previously characterized p53 
consensus responsive element (el-Deiry et al., 1992; Funk et al., 1992). R represents purine, Y pyrimidine, and W adenine or 
thymidine. (b) p53 binds specifically to the potential p53 responsive element in vitro. A 32-bp oligonucleotide fragment containing 
the potential p53 responsive element in the Dkk-1 gene with the following sequence; 5'-AGCTTAGCCAAGCT 111AATGAAC- 
CAAGTTCA-3' (top strand) and 5,-OATCTGAACTTGGTTCATTAAAAGCTTGGCTA-3, (bottom strand), was labeled with 
<x-32P-dCTP. 5 ng of the labeled probe DNA was added to a mixture [20 mM HEPES (pH 7.9), 25 mM KC1, 0.1 mM EDTA, 10% 
glycerol, 2 mM MgCl2, 2 mM spermidine, 0.5 mM DTT, 0.025% NP-40, 100 ng double-stranded poly(dI:dC), and 2 /ig BSA] 
containing 20 ng of p53 protein. The p53 protein was expressed in a baculovirus expression system and affinity-purified using anti- 
p53 monoclonal antibody Pab421. The p53-DNA complex was resolved in a 4% polyacrylamide gel. For 'supershifting' the p53- 
DNA complex, 1 /ig of anti-p53 monoclonal antibody Pabl801 was added in the reaction in lane 2. For competition assays, 
unlabeled wild-type RGC (20 and 100 ng) or mutant RGC (20 and 100 ng) were added to the reaction run in lanes 3-4 and 5-6, 
respectively 
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which all contain wild-type p53 (Figure lb, lanes 1-6). 
In contrast, Dkk-1 was not induced in p53-null-like 
HCT116E6 cells and MDA-MB-435 cells that carry an 
endogenous mutant p53 gene (Figure lb, lanes 7-10). 
It should be noted that in HCT116 cells, the basal level 
of Dkk-1 expression is much higher than that in U87 
and LS174T cells. Since several potential binding sites 
for other transcription factors in addition to p53 are 
present in the promoter region of the Dkk-1 gene 
(more discussion below), it is possible that one or more 
transcription factors may be responsible for the high 
basal level of Dkk-1 expression in HCT116 cells. 

To determine whether Dkk-1 is regulated transcrip- 
tionally by p53, we searched for a p53-responsive 
element in the Dkk-1 genomic DNA sequence. Using 
Dkk-1 cDNA as probe, we screened a human bacterial 
artificial chromosome (BAC) library and obtained a 
genomic DNA clone that contains the human Dkk-1 
gene. An approximately 3.4-kb DNA in the promoter 
region of the Dkk-1 gene was sequenced. We found a 
potential p53-binding site located approximately 2.1-kb 
upstream of the Dkk-1 transcription start site (Figure 
2a). This sequence CAGc CAAG CTT TTAATG 
AAc CAAG TTQ has two mismatches (cytosine in 
lower case instead of guanine or adenine) in the non- 
critical positions within the consensus p53-binding site 
(el-Deiry et al, 1992; Funk et al, 1992). 

To analyse whether p53 binds to the potential p53 
responsive element, a 32-bp DNA fragment containing 
this element was synthesized, 32P-labeled, and used in 
an electrophoretic mobility shift assay (EMSA). We 
found that when the purified p53 protein was mixed 
with the DNA fragment, a complex that presumably 
contained both p53 and DNA was detected (Figure 2b, 
lane 1). The complex was 'supershifted' with the anti- 
p53 monoclonal antibody Pabl801 (lane 2). We also 
used two other DNA fragments that contain either a 
wild-type or mutant p53-binding site from the 
ribosomal gene cluster (RGC) (Kern et al, 1991) as 
competitors. The unlabeled wild-type RGC competed 
with the 32P-labelled 32-bp DNA fragment from the 
Dkk-1 gene and inhibited the formation of the p53- 
DNA complex in a dose-dependent manner (lanes 3 
and 4). In contrast, mutant RGC was unable to 
compete (lanes 5 and 6). These results indicate that p53 
interacts specifically with the potential p53 responsive 
element in the Dkk-1 gene. 

We further examined whether the potential p53- 
binding site is responsive to p53 in vivo. To do this, the 
potential p53 responsive element was cloned upstream 
of a minimal c-fos promoter (Johansen and Prywes, 
1994) and a luciferase reporter gene to generate a 
reporter vector, designated Dkk-1-Flue. We also 
substituted four nucleotides in the potential p53 
responsive element predicted to be critical for p53- 
binding (shown in lower case) (AGC aAAt CTT T- 
TAATG AAC aAAt TTC). We then generated a 
reporter vector designated mut-Dkk-1-Fluc. Dkk-1 - 
Fluc or mut-Dkk-1-Fluc was cotransfected into HI299 
cells with either pcDNA3 control vector or a vector 
that expresses one of the following: wild-type p53, 
p53(V143A), p53(R175H), p53(R249S), and p53 
(R273H). We found that the luciferase activity for 
Dkk-1-Fluc was markedly increased by wild-type p53 
but not by any of the p53 mutants (Figure 3a). These 
results are consistent with the observation that wild- 

type p53, but not mutant p53(R249S), induces Dkk-1 
(Figure la). In contrast, the luciferase activity for mut- 
Dkk-1-Fluc was not increased by either wild-type p53 
or p53 mutants (Figure 3b). 
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Figure 3 (a) The potential p53-binding site in the Dkk-1 gene is 
responsible to wild-type p53, but not p53 mutants in vivo. The 32- 
bp DNA fragment described in Figure 2 was cloned upstream of 
a minimal c-fos promoter and a firefly luciferase reporter gene 
(Johansen and Prywes, 1994), and the resulting construct 
designated Dkk-1-Fluc. Two /ig of Dkk-1-Fluc was co-transfected 
into HI299 cells with 5 /ig of pcDNA3 control vector or a vector 
that expresses wild-type p53, p53(V143A), p53(R175H), 
p53(R249S), or p53(R273H). Renilla luciferase assay vector 
pRL-CMV was also co-transfected as an internal control. Dual 
luciferase assay was performed according to the manufacturer's 
instruction (Promega, Madison, WI, USA). The fold increase in 
relative luciferase activity is a product of the luciferase activity 
induced by p53 divided by that induced by pcDNA3. (b) The 
mutated potential p53-binding site in the Dkk-1 gene is not 
responsive to either wild-type p53 or p53 mutants. A mutant 
version of the above 32-bp DNA fragment was made with the 
following sequence: S'-AGCTTAGCaAAtCTTTTAATGAA- 
CaAAtTTCA-3' (top strand) and 5'-GATCTGAAaTTtGTTCAT- 
TAAAAGaTTtGCTA-3' (bottom strand). The substituted 
nucleotides are shown in lower case. The mutant fragment was 
then cloned upstream of a minimal c-fos promoter and a firefly 
luciferase reporter gene, and the resulting construct designated 
mut-Dkk-1-Fluc. Luciferase assays with mut-Dkk-1-Fluc were 
performed as in (a) 
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Activation of p53 leads to at least two well- 

characterized cellular responses: cell cycle arrest and 
apoptosis (Chen, 1999; Ko and Prives, 1996; Levine, 
1997). We wanted to determine whether Dkk-1, as a 
cellular target of p53, mediates p53 tumor suppression. 
To test this possibility, Dkk-1 was inducibly expressed 
in HI299 lung carcinoma and Ul 18 glioma cells under 
a Tet-Off-tetracycline-regulated promoter. HI299 is 
p53-null but U118 harbors a p53 gene that can be 
activated by DNA damage (data not shown). Western 
blots from representative HI299 cell lines and Ul 18 
cell lines showed that, when induced, Dkk-1 was 
expressed with an apparent molecular mass of 29- 
35 kDa (data not shown). This range is consistent with 
previous reports of a slower migrating form of Dkk-1 
that is N-linked glycosylated (Fedi et al., 1999; Glinka 
et al., 1998). We then measured the growth rates of 
these cells in the absence or presence of Dkk-1. We 
found that Dkk-1 has little, if any, effect on the growth 
rates of either HI299 or U118 cells (data not shown). 
In addition, no cell cycle arrest and apoptosis were 
detected using DNA histogram analysis and annexin V 
staining assay (data not shown). Thus, while Dkk-1 
can suppress Wnt-induced transformation (Fedi et al., 
1999), it has no effect on the proliferation of cells that 
are not transformed by Wnt. 

In this report we have demonstrated that Dkk-1 can 
be induced by p53 and DNA damage. We found a p53 
responsive element located approximately 2100 nucleo- 
tides upstream of the Dkk-1 transcription start site, 
which may mediate DNA damage induction of Dkk-1. 
We also found that Dkk-1 has no effect on prolifera- 
tion of cells that are not transformed by Wnt. 
Nevertheless, previous studies have shown that Dkk-1 
is a potent antagonist of Wnt signaling necessary and 
sufficient for head induction in Xenopus (Glinka el al., 
1998) and that human Dkk-1 strongly suppresses Wnt- 
induced morphological transformation (Fedi et al., 
1999). Biochemical and genetic studies have shown that 

Dkk-1 antagonizes the Wnt signaling pathway, up- 
stream of jS-catenin and Dishevelled (Fedi et al., 1999; 
Glinka et al., 1998). Taken together, we propose that, 
by inducing Dkk-1, p53 plays an important role in 
suppressing Wnt-mediated tumor formation. Therefore, 
p53 dysfunction would alleviate the negative control of 
Wnt signaling by Dkk-1. As a result, uncontrolled Wnt 
signaling may be responsible for the early onset of 
mammary tumors in p53-null Wnt transgenic mice 
(Donehower et al, 1995; Jones et al., 1997). 

Although the Wnt genes were initially identified as 
candidate proto-oncogenes, ectopic expression of Wnt 
induces axis duplication in Xenopus and Wnt gene 
deficiency prevents normal development of CNS, 
placenta, limbs, kidney, caudal somites and tailbud 
(Brown and Moon, 1998; Nusse and Varmus, 1992; 
Wodarz and Nusse, 1998). The negative control of Wnt 
signaling by Dkk-1 is also necessary for normal 
development (Glinka et al., 1998). Interestingly, p53 
induces Dkk-1 but p53 activity is not necessary for 
normal development in mice (Donehower et al., 1992). 
This suggests that other factor(s) must be responsible 
for proper expression of Dkk-1 during development. In 
addition to the p53 responsive element, several 
potential regulatory elements, such as Spl, MyoD, 
STAT, Oct-1/2, C/EBP-a/jS, and GATA-1, -2 and -3, 
are found in the promoter region of the Dkk-1 gene 
(data not shown). Determining whether these tran- 
scription factors regulate Dkk-1 would lead to further 
our understanding of the role of Dkk-1 in develop- 
ment. 
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Summary 

The p53 protein contains several functional domains necessary for inducing cell cycle 

arrest and apoptosis. The C-terminal basic domain, within residues 364-393, and the proline-rich 

domain, within residues 64-91, are required for apoptotic activity. In addition, activation domain 

2, within residues 43-63, is necessary for apoptotic activity when the N-terminal activation 

domain 1, within residues 1-42, is deleted (AAD1) or mutated (AD1"). Here we found that an 

activation domain 2 mutation at residues 53-54 (AD2") abrogates the apoptotic activity but has 

no significant effect on cell cycle arrest. We also found that p53(AAD2), which lacks activation 

domain 2, are inert in inducing apoptosis. p53(AD2"ABD), which is defective in activation 

domain 2 and lacks the C-terminal basic domain, p53(AAD2ABD), which lacks both activation 

domain 2 and the C-terminal basic domain, and p53(APRDABD), which lacks both the proline- 

rich domain and the C-terminal basic domain, are also inert in inducing apoptosis. All four 

mutants are still active in inducing cell cycle arrest, albeit to a lesser extent than wild-type p53. 

Interestingly, we found that deletion of the N-terminal activation domain 1 alleviates the require- 

ment of the C-terminal basic domain for apoptotic activity. Thus, we have generated a small but 

potent p53(AADlABD) molecule. Furthermore, we found that at least two of the three domains, 

that is, activation domain 1, activation domain 2 and the proline-rich domain, are required for 

inducing cell cycle arrest. Taken together, our results suggest that activation domain 2 and the 

proline-rich domain form an activation domain for inducing pro-apoptotic genes or inhibiting 

anti-apoptotic genes. The C-terminal basic domain is required for maintaining this activation 

domain competent for transactivation or transrepression. 



Introduction 

Activation of p53 leads to at least two well-defined cellular responses: cell cycle arrest 

and apoptosis (1-4). Based on these activities and other characteristics (1,5), the p53 protein can 

be divided into several functional domains. These are activation domain 1, within residues 1-42 

(6-8), activation domain 2, within residues 43-63 (9-11), the proline-rich domain, within residues 

64-91 (12), the sequence-specific DNA-binding domain, within residues 100-300 (1), the nuclear 

localization signal, within residues 316-325 (13), the tetramerization domain, within residues 

334-356 (14) and which also contains a nuclear export signal (15), and the C-terminal basic 

domain, within residues 364-393 (1,5). 

p53 is frequently mutated in cancers. Mutations in the p53 DNA binding domain, or 

certain mutations in the nuclear localization signal and tetramerization domain that indirectly 

affect DNA binding, abrogate or diminish p53 activity in cell cycle arrest and apoptosis (1,5). 

The proline-rich domain has been shown to be required for efficient growth suppression (12). 

Recent experiments indicate that the proline-rich domain is necessary for apoptosis but not cell 

cycle arrest (16-18). In addition, the proline-rich domain plays an important role in the induction 

of several endogenous target genes, but is not required for activation of the exogenously intro- 

duced promoters of these target genes (17). These results suggest that the proline-rich domain 

may participate in the induction of cellular target gene(s) responsible for mediating apoptosis. 

However, the role of other p53 functional domains, especially the N-terminal activation domain 

1 and the C-terminal basic domain, in apoptosis is still not certain. Earlier reports have shown 

that in some experimental protocols (19-21), including our own (22), p53 transactivation activity 

is dispensable for apoptosis. It should be noted that this conclusion is based at least in part on 

the observation that an activation domain 1 deficient mutant (a double point mutation at residues 

22-23; AD1") is capable of inducing apoptosis (21,22). Recently, we and others have shown that 

p53(ADl") contains an intact activation domain 2 (9-11), and therefore, p53(ADT) is still compe- 

tent in transactivation (10). Furthermore, when both activation domain 1 and activation domain 

2 are mutated (a quadruple point mutation at residues 22-23 and 53-54; AD1 AD2), the resulting 



protein is inert in transactivation and in inducing cell cycle arrest and apoptosis (9-11). 

The C-terminal basic domain has been subjected to extensive analysis and all evidence 

suggests that the basic domain is a regulatory domain. This basic domain can regulate the DNA 

binding activity when it is phosphorylated (1,5), acetylated (23-25), deleted (26), or associated 

with anti-p53 antibody (26,27) or peptides derived from the C-terminus of p53 (28,29). Interest- 

ingly, the mechanism by which these latter peptides enhance p53 DNA binding activity is the 

ability of the peptides to interact with three separate domains in p53, that is, the proline-rich 

domain (30), the DNA binding domain (31), and the C-terminal basic domain (30,31). The C- 

terminal basic domain also interacts with several cellular proteins, such as TFIIH subunits XPB 

and XPD (32,33), and Werner syndrome protein (WRN) (34,35), which all lead to efficient 

induction of p53-mediated apoptosis. These results support a hypothesis that the C-terminal 

basic domain is a negative regulatory domain whose effect on the DNA binding activity can be 

alleviated by interacting with other cellular proteins, peptides derived from the p53 C-terminus, 

or other modifications. However, several groups have shown that p53(ABD), which lacks the C- 

terminal basic domain, has a reduced ability to induce several cellular target genes and becomes 

incapable of inducing apoptosis (22,32,36). These results suggest that the C-terminal basic 

domain can regulate p53 activity both positively and negatively. 

In this study, we show that activation domain 2 and the proline-rich domain form an 

activation domain for inducing pro-apoptotic genes or inhibiting anti-apoptotic genes. The C- 

terminal basic domain is required for maintaining this activation domain competent for 

transactivation or transrepression. We also found that an activation domain capable of inducing 

at least partial cell cycle arrest can be formed by activation domain 1 plus activation domain 2, 

activation domain 1 plus the proline-rich domain, or activation domain 2 plus the proline-rich 

domain. The ability of these activation domains to induce cell cycle arrest can be enhanced by 

the presence of the C-terminal basic domain. 



Experimental procedures 

Plasmids and mutagenesis. Mutant p53 cDNA constructs were generated by PCR and 

mutations were confirmed by DNA sequencing. All p53 proteins were tagged at their N-termini 

with an influenza hemagglutinin (HA) peptide recognizable by anti-HA antibody 12CA5. HA- 

tagged wild-type p53 was generated using 5' end primer 5HA, GAT CGA ATT CAC CAT GGG 

CTA CCC ATA CGA TGT TCC AGA TTA CGC TGA GGA GCC GCA GTC AGA TCC, and 3' 

end primer C393, GAT CGA ATT CTC AGT CTG AGT CAG GCC CTT. To generate p53(AD2" 

), cDNA fragments encoding amino acids 1-59 and 60-393 were amplified independently and 

ligated through an internal Ava II site. The cDNA fragment encoding amino acids 1-59 was 

amplified by 5' end primer 5HA and 3' end primer C59, TTC ATC TGG ACC TGG GTC TTC 

AGT GCT CTG TTG TTC AAT ATC. The cDNA fragment encoding amino acids 60-393 was 

amplified by 5'end primer N60, ACT GAA GAC CCA GGT CCA, and 3' end primer C393. To 

generate p53(AAD2), a cDNA fragment that encodes residues 41 to 393 but lacks residues 43-63 

was amplified by 5' end primer AD2, TTG CAA TGG ATG ATG CTC CCA GAA TGC CAG A, 

and 3' end primer C393. This fragment was then used to replace the HA-tagged wild-type p53 

from residues 41-393 at a Bsr Dl site. To generate p53(AAD2APRD), a cDNA fragment that 

encodes residues 41 to 393 but lacks residues 43-91 was amplified by 5' end primer AP5, TTG 

CAA TGG ATG ATC CCC TGT CGT CTT CTG T, and 3' end primer C393. This fragment was 

then used to replace the HA-tagged wild-type p53 from residues 41-393 at a Bsr Dl site. 

p53(AADl), p53(APRD), p53(ABD), p53(AADlAD2"), and P53(AAD1AAD2) were generated as 

described previously (10,17,22). To generate p53(AADlAPRD), p53(APRD) cDNA was ampli- 

fied by 5' end primer N43, GAT CGA ATT CAC CAT GGG CTA CCC ATA CGA TGT TCC 

AGA TTA CGC TTT GAT GCT GTC CCC G, and 3' end primer C393. To generate p53(AD2" 

ABD), p53(AAD2ABD), p53(APRDABD), p53(AADlABD), p53(AADlAD2ABD), 

p53(AADlAPRDABD), p53(AADlAAD2ABD), andp53(AAD2APRDABD), the 3' cDNA 

fragments starting from the Stu I site in p53(AD2"), p53(AAD2), p53(APRD), p53(AADl), 

p53(AADlAD2), p53(AADlAPRD), p53(AADlAAD2), and p53(AAD2APRD) were replaced 



with the corresponding cDNA fragment in p53(ABD). 

The above mutant p53 cDNAs were cloned separately into a tetracycline-regulated 

expression vector, pUHD10-3, at its Eco RI site (37) and the resulting plasmids were used to 

generate cell lines that inducibly express p53. 

Cell lines. HI299 and MCF7 cell lines that express inducible proteins of interest were 

generated as previously described (10,17,22). The H1299 cell lines p53-3, p53(R249S)-4, 

p53(ADl")-2, p53(ABD)-l, p53(APRD)-5, and p53(AADl)-2 were as previously described 

(10,17,22). 

Western blot analysis. Western blot analysis was performed as described (10,17,22), 

with anti-p53 monoclonal antibody Pab240, anti-HA monoclonal antibody 12CA5 (Boehringer 

Mannhein Biochemicals, Indianapolis, IN), anti-actin polyclonal antibody (Sigma), and anti-p21 

monoclonal antibody (Ab-1) (Oncogene Research Products, Cambridge, MA). 

Growth rate analysis, trypan blue dye exclusion assay, DNA histogram analysis 

and annexin V staining. Growth rate analysis, trypan blue dye exclusion assay, and DNA 

histogram analysis were performed as described previously (10,17,22). Propidium iodide and 

RNase A were purchased from Sigma (St. Louis, MO). Fluorescein isothiocyanate (FITC)- 

labeled annexin V was purchased from Boehringer Mannhein Biochemicals (Indianapolis, IN) 

and staining was performed as described by the manufacturer. 

RNA isolation and Northern blot analysis. Total RNA was isolated using Trizol 

reagents (BRL-GIBCO). Northern blot analysis was performed as described (10). The p21, 

BAX, and GADPH probes were prepared as previously described (10). 



Results 

The activity of activation domain 2 is necessary for inducing apoptosis. Previously, 

we have shown that the activity of activation domain 2 is required for inducing apoptosis when a 

double point mutation at residues 22-23 or deletion of the N-terminal 42 amino acid residues 

renders activation domain 1 dysfunctional (10). To further determine the function of activation 

domain 2 in apoptosis, we generated an activation domain 2 deficient mutant, p53(AD2"), which 

contains a double point mutation at residues 53-54. We then established several cell lines that 

inducibly express this mutant in p53-null H1299 lung carcinoma cells. Western blots from two 

representative cell lines, p53(AD2")-6 and -8, are shown in Fig. 1A. After normalization to the 

levels of actin protein expressed, we found that the levels of p53 protein in p53(AD2")-6 and -8 

cells were comparable to that in p53-3 and HA-p53-15 cells, which express wild-type p53 and 

HA-tagged wild-type p53, respectively (Fig. 1A, upper two panels, compare lanes 5-8 with lanes 

1-4). To determine the transcriptional activity of p53(AD2"), we measured the level of p21 

protein induced by p53(AD2'). Surprisingly, we found that the ability of p53(AD2") to induce 

p21 was severely diminished (Fig. 1A, p21 panel, lanes 5-8). These results are similar to that 

observed for the activation domain 1 deficient mutant (6,10,22). In contrast, p21 was strongly 

induced by wild-type p53 and HA-tagged wild-type p53 (Fig. 1A, p21 panel, lanes 1-4). 

One of the hallmarks for p53 when overexpressed in cells is growth suppression (1-3). 

The HA-tagged wild-type p53 protein in HA-p53-15 cells, like the untagged wild-type p53 in 

p53-3 cells (10,22), inhibits cell proliferation (data not shown). To determine the activity of 

p53(AD2") in HI299 cells, the growth rate of p53(AD2>6 cells was determined over a 5-day 

period. When induced to express p53(AD2"), cells failed to multiply (Fig. IB), but visible 

microscopic cell death was not significantly increased (data not shown). 

Previously, several studies have shown that the C-terminal basic domain is necessary for 

inducing apoptosis but not cell cycle arrest (22,32). To determine whether this domain has any 

effect on the ability of p53(AD2_) to induce growth suppression, we generated p53(AD2"ABD), 



which is deficient in activation domain 2 and has a deletion of the C-terminal basic domain. We 

then established several cell lines that inducibly express p53(AD2"ABD). Western blots from 

three representative cell lines, p53(AD2"ABD)-2, -8, and -9, are shown in Fig. 1A. We found that 

the levels of p53 in these cells were comparable to that in HA-p53-15 and p53(ABD)-l cells 

(Fig. 1A, upper two panels, compare lanes 3, 4, and 9-16). p53(ABD)-l cells are derived from 

H1299 cells that inducibly express p53(ABD), which lacks the C-terminal basic domain (22). 

Similarly, the transcriptional activity of p53(AD2ABD) was determined by measuring the level 

of p21 induced. We found that, like p53(AD2"), the ability of p53(AD2ABD) to induce p21 was 

significantly diminished (Fig. 1A, p21 panel, compare lanes 11-16 with lanes 1-4). In contrast, 

p21 was strongly induced by p53(ABD) (Fig. 1A, p21 panel, lanes 9-10), consistent with previ- 

ous reports (22,32). Nevertheless, growth rate analysis showed that p53(AD2"ABD) was still 

capable of inhibiting cell growth (Fig. 1C), albeit to a lesser extent than p53(AD2") (Fig. IB). 

To determine whether the growth suppression by p53(AD2_) is due to cell cycle arrest, 

apoptosis and/or both, we performed a DNA histogram analysis and an annexin V staining 

assay. When induced to express the mutant p53(AD2") for two days, we found that the percent- 

age of cells in S phase decreased from 35 to 8% while cells in Gl increased from 49 to 75%, 

suggesting that p53(AD2") arrested cells primarily in Gl (Fig. 1D-E). However, no apparent 

apoptosis was detected by either DNA histogram analysis (Fig. 1D-E) or annexin V staining 

(Fig. 1F-G). Thus, the activity in activation domain 2 is necessary for inducing apoptosis. As 

a positive control, we analyzed p53-3 and HA-p53-15 cells. When induced to express wild- 

type or HA-tagged p53 for two days, we found that both p53-producing cells were arrested 

primarily in Gl and underwent apoptosis, consistent with previous reports (10,22). We also 

analyzed p53(AD2ABD)-9 cells. We found that no significant apoptosis was observed and 

cells primarily arrested in Gl when induced to express p53(AD2"ABD) (data not shown). 

To determine the activity of the entire activation domain 2 (residues 43-62), we generated 

p53(AAD2), which lacks the entire activation domain 2 and p53(AAD2ABD), which lacks 

activation domain 2 and the C-terminal basic domain. We then established several cell lines that 



inducibly express p53(AAD2) and p53(AAD2ABD), respectively (Fig. 2A and 2C). We found 

that p53(AAD2) and p53(AAD2ABD) suppressed cell proliferation (Fig. 2B and 2D), albeit to a 

lesser extent than p53(AD2") and p53(AD2ABD) (Fig. IB and 1C). Furthermore, we found that 

cells were arrested primarily in Gl but did not undergo apoptosis when induced to express these 

p53 mutants (data not shown; also see Table 1). However, we found that p21 was not signifi- 

cantly induced (Fig. 2A and 2C), suggesting that p53-dependent cell cycle arrest in Gl can be 

mediated by a gene(s) other than p21. 

The proline-rich domain contributes to the ability of p53 to induce cell cycle arrest. 

Previously, we and others have shown that the proline-rich domain (16-18) and the C-terminal 

basic domain (22,32) are necessary for inducing apoptosis but not cell cycle arrest. To determine 

whether both domains are dispensable for inducing cell cycle arrest, we generated 

p53(APRDABD), which lacks both the proline-rich domain and the C-terminal basic domain. 

We then established several cell lines that inducibly express this mutant. Western blots from 

three representative cell lines, p53(APRDABD)-2, -6, and -7, are shown in Fig. 2E. We found 

that the level of p53 expressed in p53(APRDABD)-2 cells was comparable to that in p53-3, HA- 

p53-15, and p53(ABD)-l, but slightly lower than that in p53(APRD)-5, which inducibly ex- 

presses a p53 mutant lacking the proline-rich domain (Fig. 2E, p53 panel). To determine 

whether p21 can be induced, we found that p53(APRDABD) was much less potent in inducing 

p21 than wild-type p53, HA-tagged p53, p53(ABD), or p53(APRD) (Fig. 2E, p21 panel). How- 

ever, when the DNA binding activity was determined in vitro, we found that p53(APRDABD) 

was as potent as wild-type p53 in binding to the ribosomal gene cluster p53 response element 

(data not shown). This suggests that deletion of both the proline-rich domain and the C-terminal 

basic domain does not affect the activity of the p53 DNA binding domain. Growth rate analysis 

showed that p53(APRDABD) had a much reduced ability to suppress cell proliferation (Fig. 2F). 

In addition, DNA histogram analysis and annexin V staining assay showed that a partial arrest in 

Gl, but no apoptosis, was detected in p53(APRDABD)-2 cells (data not shown). 

p53(AADlABD) is small but potent in inducing cell cycle arrest and apoptosis. We 



and others have shown that p53(ABD), which lacks the C-terminal basic domain, is inactive in 

inducing apoptosis (22,32,36) whereas p53(AADl), which lacks activation domain 1 (residues 1- 

42), is very active (10). To determine whether the C-terminal basic domain is necessary for 

p53(AADl) to induce apoptosis, we generated p53(AADlABD), which lacks activation domain 1 

and the C-terminal basic domain. We then established several cell lines that inducibly express 

p53(AADlABD). Western blots from three representative cell lines, p53(AADlABD)-3, -6, and - 

7, are shown in Fig. 3A. We found that the level of p53 expressed in these cells was comparable 

to that in p53-3, HA-p53-15, and p53(ABD)-l cells, but lower than that in p53(AADl)-2 cells 

(Fig. 3A, p53 panel). p53(AADl)-2 cells are derived from H1299 cells that inducibly express 

p53(AADl), which lacks activation domain 1 (10). We found that p53(AADlABD) retained the 

ability to induce p21. Induction of p21 by p53(AADlABD) was greater than induction by 

p53(AADl) but less than induction by wild-type p53 and p53(ABD) (Fig. 3A, p21 panel). 

Growth rate analysis showed that cells failed to multiply, detached from plates, and shrank to 

form apoptotic bodies when induced to express p53(AADlABD) (Fig. 3B and 3C). DNA histo- 

gram analysis showed that the percentage of cells in S phase decreased from 35 to 11% but the 

percentage of cells in Gl increased from 55 to 75%, suggesting that these cells arrested primarily 

in Gl (Fig. 3D-E). We also found that the number of cells with a sub-Gl DNA content was not 

significantly increased. However, when stained for annexin V, we found that the percentage of 

stained cells increased from 7 to 31%, suggesting that these cells also underwent apoptosis (Fig. 

3F-G). 

To further confirm the ability of p53(AADlABD) to induce apoptosis, we generated 

several MCF7 breast carcinoma cell lines that inducibly express wild-type p53 and 

p53(AADlABD). Western blots from one representative cell line that inducibly expresses wild- 

type p53 (MCF7-p53-24) and two that inducibly express p53(AADlABD) (MCF7- 

p53(AADlABD)-7 and -15) are shown in Fig. 4A. We found that the level of p53 induced in 

MCF7-p53(AADlABD)-7 and -15 cells was slightly lower than in MCF7-p53-24 cells (Fig. 4A, 

p53 panel). When the level of p21 was measured to determine the transcriptional activity of 
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p53(AADlABD), we found that p53(AADlABD) was potent in transactivation (Fig. 4A, p21 

panel). This result is similar to that obtained in H1299 cells (Fig. 3A). Growth rate analysis 

showed that cells failed to multiply, detached from plates, and shrank to form apoptotic bodies 

when induced to express wild-type p53 or p53(AADlABD) (Fig. 4B-C). DNA histogram analy- 

sis showed that the percentage of cells that had a sub-Gl DNA content was increased from 3 to 

37% by wild-type p53 (Fig. 4D-E) and from 4 to 49% by p53(AADlABD) (Fig. 4H-I). In 

addition, annexin V staining assay showed that the percentage of the annexin V-stained cells was 

increased from 7 to 28% by wild-type p53 and from 9 to 29% by p53(AADlABD). These data 

indicate that p53(AADlABD) is a potent apoptotic inducer. 

At least two of the three domains, that is, activation domain 1, activation domain 2, 

and the proline-rich domain, are required for inducing cell cycle arrest. To further define 

the role of activation domain 1, activation domain 2, the proline-rich domain, and the C-terminal 

basic domain in inducing cell cycle arrest and apoptosis, we generated six p53 mutants that are 

dysfunctional in two or three of the four functional domains (Fig. 5). We then established sev- 

eral cell lines that inducibly express these p53 mutants individually (Fig. 5).  These are 

p53(AADlAD2ABD) (Fig. 5A), P53(AAD1AAD2ABD) (Fig. 5B), P53(AAD1APRDABD) (Fig. 

5C), P53(AAD1APRD) (Fig. 5D), p53(AAD2APRD) (Fig. 5E), and p53(AAD2APRDABD) (Fig. 

5E). The level of p53 expressed in some of these mutant p53-producing cells was comparable to, 

or higher than, that in p53-3 cells (Fig. 5A-E, p53 panel). However, none of these mutants were 

capable of inducing p21 (Fig. 5A-E, p21 panel). In addition, cell cycle arrest and apoptosis were 

not detected by growth rate and DNA histogram analyses and annexin V staining assay (data not 

shown). These data suggest that at least two of the three domains (activation domain 1, activa- 

tion domain 2, and the proline-rich domain) are required for p53 activity. 

Regulation of p21 and BAX by p53 mutants. To determine the ability of various p53 

mutants that lack activation domain 1, activation domain 2, and/or the C-terminal basic domain 

in inducing p21 and BAX, we performed a Northern blot analysis (Fig. 6). We found that wild- 

type p53 was very active (lanes 1-2). p53(R249S), a tumor-derived mutant that is defective in 
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the DNA binding domain, was nearly inert (lanes 3-4). Although deletion of the C-terminal basic 

domain renders p53 constitutively active in binding to DNA in vitro (26), the ability of 

p53(ABD) to induce p21 and BAX was significantly reduced as compared to that of wild-type 

p53 (compare lanes 1-2 and 7-8). p53(ADl") (lanes 5-6), p53(AADl) (lanes 9-10), p53(AD2") 

(lanes 13-14), and p53(AD2ABD) (lanes 15-16) were extremely weak in inducing p21 and BAX 

(2 fold or less). It should be mentioned that p53(AD2") is extremely potent in inducing Gl arrest 

(Fig. 1D-E), suggesting that a gene(s) other than p21 is responsible for this. Furthermore, when 

acitvation domain 1 and the basic domain were deleted, the ability of p53(AADlABD) to induce 

p21 and BAX was partially restored (lanes 11-12), consistent with the result detected by Western 

blot analysis (Fig. 3A). 
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Discussion 

p53 induces apoptosis but the underlying mechanism remains unclear. In order to deter- 

mine this mechanism, two major questions need to be addressed. What domains in p53 are 

required? Is p53 transcriptional activity necessary for inducing apoptosis? Previous attempts to 

answer these questions have been inconclusive, since different experimental systems have been 

used (1,2). These include various types of cell lines and methods to express p53 (transient versus 

stable; ectopic versus inducible) and different types of p53 mutants (temperature-sensitive 

mutant versus wild-type p53; point mutations versus deletion mutations). To avoid these prob- 

lems, we have applied the tetracycline inducible expression system to stably express various p53 

mutants in p53-null H1299 cells. On the basis of the results obtained in this study, summarized 

in Table 1, and several previous studies (11,12,16,32,36,38-40), including our own (10,17,22), 

we propose the following model for p53 functional domains in apoptosis (Fig. 7). First, p53 

DNA binding activity is necessary for apoptosis since mutants that are defective in the DNA 

binding and tetramerization domains are inert. Second, activation domain 2 and the proline-rich 

domain can form an activation domain for transactivating pro-apoptotic genes or transrepressing 

anti-apoptotic genes, since mutation or deletion in either one of the domains abrogates the 

apoptotic activity. Third, activation domain 1 is not required since deletion of or mutation in 

activation domain 1 (p53(AADl); p53(ADl")) has little effect on apoptosis. Fourth, the C- 

terminal basic domain is necessary for maintaining p53 competent in inducing apoptosis, prob- 

ably by relieving the inhibitory activity of activation domain 1, since p53(AADlABD), but not 

p53(ABD), is capable of inducing apoptosis. 

Several p53 inducible genes, such as BAX (41), KILLER/DR5 (42), and several PIGs 

(43), may participate in the apoptotic process. These genes can be induced by either p53(APRD) 

(17) or p53(AD2") (data not shown), both of which are active in inducing cell cycle arrest but not 

apoptosis, suggesting that these genes are not required or insufficient for inducing apoptosis. 

Recent evidence has shown that p53 can repress specific genes, such as MAP4 (44). It is pos- 

sible that transrepression of anti-apoptotic genes plays an important role in p53-mediated 
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apoptosis. Therefore, the cell lines that inducibly express the p53 mutants described in this 

study, especially p53(AADlABD), can be used to identify and determine whether a cellular gene 

is necessary for mediating p53-dependent apoptosis. 

p53 transcriptional activity has been shown to be necessary for inducing cell cycle arrest 

(1,2,4,45). In this study, we extend this observation. We found that an activation domain ca- 

pable of inducing at least partial cell cycle arrest can be formed by activation domain 1 plus 

activation domain 2, activation domain 1 plus the proline-rich domain, or activation domain 2 

plus the proline-rich domain (Table 1). When two of the three domains, i.e., activation domain 1, 

activation domain 2, and the proline-rich domain, become dysfunctional, the activity in cell cycle 

arrest is abrogated (Table 1). It should be mentioned that p53(ADl") is defective in inducing cell 

cycle arrest although two functional domians, that is, activation domain 2 and the proline-rich 

domain, are still intact (22). However, when part or all of the residues for activation domain 1 

are deleted, as in p53(Al-23) and p53(AADl), the ability to induce cell cycle arrest is retained. 

This suggests that the presence of the mutated activation domain 1 may mask the activity of, or 

inhibit the interaction of a potential co-activator (or an adaptor) with, the activation domain 

formed by activation domain 2 and the proline-rich domain necessary for transactivation or 

transrepression. 

The search for mediators of p53-dependent cell cycle arrest has identified many cellular 

p53 target genes (1,4,46). p21Cipl/Wafl, a well characterized cyclin-dependent kinase inhibitor, can 

mediate cell cycle arrest in Gl when overexpressed (22,47-51). Previous studies have shown 

that p53(ADl"), which is deficient in inducing p21, is incapable of inducing arrest in Gl, consis- 

tent with the hypothesis that p21 plays an important role in mediating p53-dependent arrest in Gl 

(22,40). In this study, we found that p53(AD2") is extremely active in inducing arrest in Gl, 

suggesting that activation domain 1, but not activation domain 2, plays an important role in 

inducing cell cycle arrest. However, p21 is only slightly induced by p53(AD2") (Fig. 1A). Since 

p53(ADl"AD2"), which is deficient in both activation domain 1 and activation domain 2, is inert 

in inducing cell cycle arrest (9-11), this suggests that a gene(s) responsible for arrest by 
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p53(AD2-) must be induced. This is not surprising since DNA damage-induced Gl arrest is 

delayed but not abolished in p21-null fibroblasts from p21 deficient mice (52,53). Therefore, the 

cell line that inducibly expresses p53(AD2") can be used to identify other novel gene(s) respon- 

sible for Gl arrest. 

Previously, several studies have shown that the p53 protein can be cleaved by cellular 

proteases in cells treated with DNA damaging agents, which leads to formation of several 

smaller polypeptides with molecular masses ranging from 35-50 kDa (54-58). In addition, the 

cleavage of p53 is concomitant with the onset of apoptosis in cells treated with DNA damaging 

agents, suggesting that the cleaved p53 polypeptides are potent in p53 activity and may partici- 

pate in the apoptotic process (58). Interestingly, one of the cleaved p53 polypeptides, p50, is 

p53(AN23), which lacks the N-terminal 23 residues (58). We have shown previously that 

p53(AN23) is active in inducing cell cycle arrest and apoptosis (10). Thus, the cellular machin- 

ery can generate an active but smaller p53 polypeptide that would not be subject to negative 

regulation by MDM2 (59-63). It is not clear whether p53(AADlABD) is an in vivo cleavage 

product of p53. However, since p53(AADlABD) lacks the MDM2 binding site, it would not be 

subjected to the negative regulation by MDM2. Thus, p53(AADlABD) represents a small but 

potent, apoptosis-inducing form of p53. Recent clinical tries have shown that adenoviruses 

expressing p53 are effective in treating some advanced forms of human cancers (64,65). We 

suggest that p53(AADlABD) is a good candidate to replace the larger, unwieldy wild-type p53 in 

cancer gene therapy. 
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Figure legends 

Fig. 1. The activity of activation domain 2 is necessary for inducing apoptosis. (A) 

Levels of p53, p21 and actin were assayed by Western blot analysis in cell lines as shown above 

the blots. Cell extracts were prepared from uninduced cells (-) and cells induced (+) to express 

p53. HA-tagged p53 was detected with 12CA5 antibody. p53 was detected with anti-p53 mono- 

clonal antibody Pab240. p21 was detected with anti-p21 monoclonal antibody (Ab-1). Actin 

was detected with anti-actin polyclonal antibody. (B, C) Growth rates of p53(AD2")-6 and 

p53(AD2ABD)-9 cells in the absence (D) or presence (0) of p53 over a 5-day period. (D, E) 

DNA content was quantified by propidium iodide staining of fixed cells that were uninduced (- 

p53) or induced (+ p53) to express p53(AD2"). (F G) Apoptotic cells were quantified by 

propidium iodide-annexin V staining of cells that were uninduced (- p53) or induced (+ p53) to 

express p53(AD2~). 

Fig. 2. The activity for cell cycle arrest, but not apoptosis, was partially retained in 

p53(AAD2), p53(AAD2ABD), and p53(APRDABD). (A, C, E) Levels of p53, p21 and actin 

were assayed by Western blot analysis in cell lines as shown in the absence (-) or presence (+) of 

p53. Antibodies used were as in Fig. 1. (B, D, F) Growth rates of p53(AAD2)-23, 

p53(AAD2ABD)-14, and p53(APRDABD)-2 cells in the absence (D) or presence (0) of p53 over 

a 5-day period. 

Fig. 3. The C-terminal basic domain is not necessary for apoptosis when activation 

domain 1 is absent. (A) Levels of p53, p21 and actin were assayed by Western blot analysis in 

cell lines as shown in the absence (-) or presence (+) of p53. Antibodies used were as in Fig. 1. 

(B and C) Growth rates of p53(AADlABD)-6 and p53(AADlABD)-7 cells in the absence (D) or 

presence (0) of p53 over a 5-day period. (D, E) DNA content was quantified by propidium 

iodide staining of fixed cells that were uninduced (- p53) or induced (+ p53) to express 

p53(AADlABD). (F, G) Apoptotic cells were quantified by propidium iodide-annexin V staining 

of cells that were uninduced (- p53) or induced (+ p53) to express p53(AADl ABD). 

Fig. 4. p53(AADlABD) is capable of inducing both cell cycle arrest and apoptosis in 
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MCF7 cells. (A) Levels of p53, p21 and actin were assayed by Western blot analysis in cell 

lines as shown in the absence (-) or presence (+) of p53. Antibodies used were as in Fig. 1. (B 

and C) Growth rates of MCF7-p53-24 and MCF7-p53(AADlABD)-15 cells in the absence (D) 

or presence (0) of p53 over a 5-day period. (D, E, H, I) DNA content was quantified by 

propidium iodide staining of fixed cells that were uninduced (- p53) or induced (+ p53) to ex- 

press p53 (D, E) or p53(AADlABD) (H, I). (F, G, J, K) Apoptotic cells were quantified by 

propidium iodide-annexin V staining of cells that were uninduced (- p53) or induced (+ p53) to 

express p53 (F, G) or P53(AAD1ABD) (J, K). 

Fig. 5. At least two of the three domains, that is, activation domain 1, activation 

domain 2, and the proline-rich domain, are required for inducing cell cycle arrest. Levels 

of p53, p21 and actin were assayed by Western blot analysis in cell lines as shown in the absence 

(-) or presence (+) of p53(AADlAD2ABD) (A), p53(AADlAAD2ABD) (B), 

p53(AADlAPRDABD) (C), p53(AADlAPRD) (D), p53(AAD2APRD) (E, lanes 3-10), and 

p53(AAD2APRDABD) (E, lanes 11-16). Antibodies used were as in Fig. 1. 

Fig. 6. Regulation of p21 and BAX by p53 mutants. A Northern blot was prepared 

using total RNAs isolated from uninduced cells (-) or cells induced (+) to express wild-type p53 

or various p53 mutants as shown above the blot. The blot was probed with cDNAs derived from 

the p21, BAX, and GADPH genes, respectively. After normalization to the amount of GAPDH 

transcripts, the levels of induction by wild-type p53 or various p53 mutants were quantified by 

Phosphorlmager and are shown below the blot. 

Fig. 7. A model of apoptosis for p53 functional domains. 
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Fig. 2 
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Fig. 4 
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Fig. 6 
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The American Association for Cancer Research 91th annual meeting 
Abstract #3958 

Definition of the p53 functional domains necessary for inducing apoptosis. 

Jianhui Zhu, Shunzhen Zhang, Jieyuan Jiang, and Xinbin Chen. Medical College of Georgia, 
Augusta, GA 30912. 

It has been well established that p53 contains several functional domains necessary for 
inducing cell cycle arrest and apoptosis. The C-terminal basic domain (BD), within residues 
364-393, and the proline-rich domain (PRD), within residues 64-91, are required for apoptosis. 
In addition, the activation domain II (AD2), within residues 43-63, is necessary for apoptosis 
when the N-terminal AD1, within residues 1-42, is deleted (AAD1) or mutated (AD1~)- Here we 
showed that AD2 mutation at residues 53-54 (AD2) abrogates the apoptotic activity but not cell 
cycle arrest. We also found that the activity of other mutants (p53(AAD2), p53(AD2"ABD), 
p53(AAD2ABD), p53(APRDABD), and p53(AADlAPRD) in apoptosis is abrogated but in arrest 
severely diminished. Interestingly, deletion of the N-terminal AD1 alleviates the requirement of 
the C-terminal BD for apoptosis. Thus, we have generated a very small but potent 
p53(AADlABD) molecule. Furthermore, when twenty-two cellular genes, e.g., p21, BAX, 
KILLER/DR5, IGFBP3, and PIGs, were screened for induction by various p53 mutants, we 
found that none of these genes are necessary and/or sufficient for inducing apoptosis. 
Nevertheless, we found that Gl arrest can be mediated by other undetermined p53 target gene(s) 
in addition to p21. Finally, we propose that AD2 and PRE) form an activation domain for 
inducing pro-apoptotic genes. The carboxyl BD is required for this activation domain to be 
competent for transactivation. 
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The ability of p53 to induce apoptosis requires the DNA binding activity; however, a double 
point mutation at residues 22-23 in the activation domain 1 within residues 1-42 (AD1") can still 
induce apoptosis. Here we showed that deletion of the N-terminal 23 amino acids compromises, 
but does not abolish p53 induction of apoptosis. Surprisingly, p53(AADl), which lacks the N- 
terminal 42 amino acids and the previously defined activation domain 1, retains the ability to 
induce apoptosis. A more extensive deletion, which eliminates the N-terminal 63 amino acids, 
renders p53 completely inert in mediating apoptosis. In addition, we found that both p53(AADl) 
and p53(ADl") can induce a subset of cellular p53 target genes. These data suggest that within 
residues 43 to 63 lies an apoptotic domain as well as another activation domain, AD2. 

p53 contains a proline-rich domain (PRD), located within residues 60-90, which is necessary for 
efficient growth suppression. We found that p53(APRD), which lacks the proline-rich domain, is 
capable of inducing cell cycle arrest but not apoptosis, while p53(AD17APRD), which contains a 
double point mutation in the activation domain 1 as well as deletion of the proline-rich domain, 
completely loses its activity. In addition, we found that, while p53(APRD) is capable of 
activating several transiently transfected promoters, e.g., p21 and MDM2, its ability to induce 
several target genes, e.g., p21 and MDM2, is diminished. These results suggest that the proline- 
rich domain may play a role in chromatin remodeling, which counteracts chromatin-mediated 
repression for some of the endogenous p53 target genes. 

To further analyze AD1, AD2, and PRD, we found that a double point mutation at residues 53- 
54 (AD2") or deletion of AD2 (AAD2) abrogates the apoptotic activity but not cell cycle arrest. 
Interestingly, deletion of AD1 alleviates the requirement of the C-terminal basic domain within 
residues 364-393 for apoptosis. Furthermore, when twenty-two cellular genes, e.g., p21, BAX, 
KILLER/DR5, IGFBP3, and PIGs, were screened for induction by various p53 mutants, we 
found that none of these genes are necessary and/or sufficient for inducing apoptosis. Finally, 
we propose that AD2 and PRD form an activation domain for inducing pro-apoptotic genes. The 
carboxyl basic domain is required for this activation domain to be competent for transactivation. 
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Definition of the p53 functional domains necessary for inducing cell cycle arrest and apoptosis 

Xinbin Chen, Jianhui Zhu, Shunzhen Zhang, and Jieyuan Jiang 

Institute of Molecular Medicine and Genetics, Medical College of Georgia, Augusta, GA 30912 

The p53 protein contains several functional domains that are necessary for inducing cell 
cycle arrest and apoptosis. The C-terminal basic domain (BD), within residues 364-393, and the 
proline-rich domain (PRD), within residues 64-91, are required for apoptotic activity. In 
addition, the activation domain II (AD2), within residues 43-63, is necessary for apoptotic 
activity when the N-terminal AD1, within residues 1-42, is deleted (AAD1) or mutated (AD1"). 
Here we found that AD2 mutation at residues 53-54 (AD2") abrogates the apoptotic activity but 
has no significant effect on cell cycle arrest. We also found that p53(AD2~ABD), p53(AAD2), 
p53(AAD2ABD), and p53(APRDABD) are inert in inducing apoptosis but still active in inducing 
cell cycle arrest albeit to a lesser extent than wild-type p53. Interestingly, deletion of the N- 
terminal AD1 alleviates the requirement of the C-terminal BD for apoptotic activity. Thus, we 
have generated a very small but potent p53(AADlABD) molecule. In addition, we found that at 
least two of the three domains, that is, AD1, AD2 and PRD, are required for inducing cell cycle 
arrest. Furthermore, we found that Gl arrest can be mediated by other undetermined p53 target 
gene(s) in addition to p21. Taken together, we propose that AD2 and PRD form an activation 
domain for inducing pro-apoptotic genes. The carboxyl BD is required for this activation 
domain to be competent for transactivation. 


